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ABSTRACT 


The  work  reported  herein  is  the  first  phase  of  a  program  to  improve 
the  prediction  of  spacecraft  thermal  performance.  The  study  has  consisted 
of  measuring  actual  joint  thermal  conductances,  correlation  of  the 
measured  joint  conductances,  programing  an  improved  method  of  thermal 
radiation  analysis,  and  performing  an  experimental  comparison  of  predicted 
radiation  exchange  for  a  simple  geo r  trical  system. 

Three  types  of  structural  and  three  sizes  of  component  mounting  joints 
were  tested  and  the  conductances  measured.  A  successful  method  of 
correlation  was  developed  for  the  unfilled  component  mounting  joints.  All 
joints  were  selected  for  their  applicability  to  the  next  phase  of  the 
program,  a  thermal  test  of  a  spacecraft  model. 

A  method  of  radiation  analysis  has  been  programed  which  uses  directional 
thermal  radiation  properties  and  accounts  for  the  specularity  and/or 
diffuseness  of  these  properties.  The  results  of  this  program  can  be 
readily  incorporated  into  most  existing  thermal  analysis  programs.  The 
user  has  the  choice  of  the  specular,  the  diffuse,  or  the  specular-diffuse 
assumption.  The  prediction  of  radiation  exchange  using  these  assumptions 
for  simple  geometrical  arrangements  has  been  compared  to  experiment. 

Although  the  results  were  within  the  overall  experimental  tolerances,  further 
improvement  In  the  predicted  values  is  believed  possible. 

The  study  has  developed  several  Important  technical  areas  which  are 
worthy  of  further  evaluation.  The  firat  is  the  extension  of  the  correlation 
techniques  to  include  filled  component  joints  and  filled  or  unfilled 
structural  joints.  Continuation  of  the  general  measurement  of  joints  to 
develop  a  large  knowledge  of  practical  joint  conductances  is  also  indicated. 
The  comparison  of  experimental  and  predicted  radiation  exchange  has  shown 
that  a  more  extensive  study  is  needed  of  thermal  radiation  properties  to 
determine  the  division  of  these  properties  into  specular  and  diffilse 
components.  The  non-gray  error  of  radiation  analysis  has  also  been  shown 
to  be  an  important  area  for  further  study. 
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1.  INTRODUCTION  AND  SUMMARY 


The  prog. ram,  "Prediction  of  Space  Vehicle  Thermal  Performance,"  was 
initiated  on  1  July  1964,  under  Contract  AF  33( 615)— 1725 •  The  purpose  of 
the  study  can  be  stated  as:  Given  the  necessary  analytical  methods  and 
experimental  data,  how  well  can  the  thermal  performance  of  a  space  vehicle 
be  predicted?  The  subject  program  was  the  first  step  towards  securing  an 
answer  to  this  question. 

The  problem  provides  two  natural  divisions.  The  first  is  the 
examination  of  the  analytical  procedures  needed  and  the  experimental  infor¬ 
mation  required  for  analysis.  The  second  is  the  verification  of  the 
predictions  of  analysis  by  a  thermal  test  of  a  model  space  vehicle,  the 
present  program  was  intended  to  satisfy  the  first  need  and  to  provide  a 
transition  to  the  second.  Since  a  model  is  required  to  verify  analysis, 
its  design  will  dictate  the  nature  and  scope  of  the  experimental  studies 
performed  to  support  analysis.  In  particular,  the  subsequent  construction 
of  a  test  model  will  require  the  selection  of  structural  and  component 
joints  in  anticipation  of  the  design.  Depending  upon  the  type  of  joint 
selected  and  the  degree  of  experimental  measurements  made,  the  thermal 
resistance  of  the  joints  can  be  critical  to  the  experimental  verification 
of  any  predictions  made.  Consequently,  it  was  necessary  at  the  start  of 
the  present  program  to  select,  in  reasonable  detail,  the  model  configuration. 
The  experimental  measurements  of  joint  thermal  resistance  were  restricted 
to  those  joints  to  be  used  in  the  model.  Only  in  this  manner  could  the  end 
purpose  of  the  study,  the  test  of  prediction,  be  achieved  within  the 
allocated  resources  and  time. 

The  specific  tasks  undertaken  in  the  study  were: 

(a)  Selection  of  a  model  for  determination  of  the  experimental 
joint  thermal  conductance  measurements 

(b)  Experimental  measurement  of  component  and  s'mctural  Joint 
thermal  conductance 

(c)  Examination  of  the  results  of  the  Joint  thermal  conductance 
results  to  ascertain  if  a  correlation  were  possible 

(d)  Comparison  of  the  analytical  techniques  of  Hottal  (1), 

Gebhart  (2),  and  Oppenhsim  (3). 

(s)  Development  of  a  computer  program  for  a  specular-diffuse 
analysis  (4) 

(f)  Experimental  measurement  of  radiation  exchange  with  real 
surfaces 

The  following  report  will  consider  the  above  tasks  in  the  order  shown. 

It  should  be  re-emphasised  that  the  purpose  of  the  program  ard  hence, 
the  goal  of  each  task,  is  to  provide  the  necessary  data  for  a  comparison 
of  thermal  analysis  and  thermal  test  of  a  spacecraft  model. 
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2.  SPACECRAFT  MDDEL  SELECTION 


An  important  initial  tank  was  the  conceptual  design  of  the  model  of 
the  space  vehicle  to  be  tested  in  the  subsequent  phase  of  the  program. 

The  size,  method  of  construction  and  shape  of  the  me  'el  greatly  affects 
the  type  of  fasteners,  the  physical  dimensions  and  the  shape  of  the  joints. 

The  model  which  has  been  selected  is  shown  in  Figure  1.  Alternative 
shapes,  cylindrical  and  spherical,  were  considered  but  the  rectangular 
parallelepiped  was  chosen  for  economy  and  ease  of  fabrication.  Further¬ 
more,  the  geometrical  shape  can  not  be  a  critical  factor  in  a  test  of 
the  prediction  of  thermal  performance.  The  indicated  dimensions, 

24"  x  24"  x  36",  are  sufficiently  large  to  demonstrate  the  effects  of 
construction  variations,  thermal  gradients,  and  internal  dissipation. 

The  model  will  conveniently  fit  into  most  environmental  test  chambers  and 
available  solar  simulation  facilities.  Also,  the  size  is  representative 
of  many  present  day  space  vehicles. 

A  welded  framework  is  indicated.  This  method  of  construction  was 
selected  to  reduce  the  number  of  structural  joints  that  had  to  be  tested. 
There  are  three  structural  joints  with  the  frame:  the  side  panels,  the 
end  panels,  and  the  component  mounting  platform.  The  side  and  end  panels 
are  l/16-inch  aluminum;  i.e. ,  thin  enough  to  sustain  a  thermal  gradient. 

The  mounting  platform  is  l/8-inch  aluminum.  In  actual  space  vehicle 
construction,  this  mounting  plate  would  probably  be  a  honeycomb  structure 
to  reduce  weight.  Such  materials  are  anisotropic  and  the  thermal 
conductance  in  the  x,  y,  and  z  directions  are  variable  from  sample  to 
sample  of  the  same  material.  The  conductance  also  varies  widely  for 
different  types  of  honeycomb.  Thus,  use  of  a  honeycomb  structure  would 
introduce  a  major  undetermined  factor  in  the  thermal  analysis.  This 
could  easily  obscure  the  validity  of  the  comparison  of  prediction  ana 
experiment.  The  aluminum  mounting  plate  avoids  this  without  affecting  the 
value  of  the  test  to  be  conducted.  Thus,  if  the  analysis  can  properly 
predict  for  the  aluminum  plate,  it  will  be  satisfactory  for  application  to 
a  honeycomb  material  (assuming  the  properties  of  the  honeycomb  are  known) . 

The  external  panels  can  be  changed  to  provide  different  external 
thermal  radiation  properties.  This  may  not  be  important  in  the  initial 
testing  to  be  performed  with  the  model  but  will  be  useful  should  further 
testing  be  desired  or  required.  These  panels  can  be  coated  to  simulate 
solar  cell  thermal  radiation  properties,  low  a/e  properties  or  even  be 
insulated  without  affecting  the  basic  modtl  physically.  A  louver  system 
could  be  used  in  place  of  any  panel  to  determine  the  effects  of  variable 
•mission.  Hence,  the  model  will  be  of  much  more  value  than  just  for 
the  program  contemplated  in  Fhaae  II. 
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3.  THERMAL  CONDUCTANCE  OF  JOINTS 


Completely  riveted  joints  were  excluded  from  the  study.  In  spacecraft 
practice,  riveted  systems  are  used  in  order  to  save  weight.  However,  the 
thermal  conductance  of  such  joints  is  not  considered  reproducible  and 
variations  of  100  percent  have  been  found  in  supposedly  identical  joints  (5). 

Since  the  goal  of  the  program  is  to  test  the  ability  to  predict  thermal 
performance  with  reliable  input  information,  the  introduction  of  such  an 
uncontrolled  thermal  reals tancs  is  not  desired.  This  would  not  test  the 
prediction  of  thermal  performance  but  only  the  uncertainty  of  knowledge. 

The  effect  of  the  variable  thermal  resistance  can  be  demonstrated  ana¬ 
lytically,  once  the  analysis  has  been  verified. 

Two  general  types  of  joints  were  studied:  component  and  structural 
joints.  The  component  joints  are  shown  in  Figure  2.  The  dimensions  were 
chosen  as  representative  of  typical  component  base  sizes.  Simulation  of 
the  actual  component  box  was  not  deemed  necessary  since  this  would  only 
involve  changes  in  the  radiation  shape  factors  used.  The  assumption  was 
made  that  the  base  plates  would  have  a  'uniform  areal  power  dissipation. 

The  experimental  variables  examined  were  bolt-torque,  power  dissipation 
level,  filler  material  and  reproducibility  of  the  joints.  A  detailed 
description  of  the  test  method  and  the  results  will  be  given  in  Section  3>1> 

The  structural  joints  tested  are  presented  in  Figure  3  and  all  are 
bolted  joints.  The  structural  joints  were  selected  to  satisfy  the  require-  f 

manta  of  the  proposed  apace  vehicle  model  (see  Section  2).  The  first  - 

configuration  corresponds  to  the  joint  between  the  side  panels  and  the  frame. 

The  end  panels  are  bolted  to  the  frame  by  aeans  of  nut  plates  which  are 
riveted  in  place  (second  joint).  This  joint  can  be  considered  to  be  a 
combination  of  a  rivet  and  bolt  fastener.  The  third  joint  shown  represents 
the  joint  between  the  component  mounting  platform  and  the  frame.  Ae  with 
the  component  joints,  the  variables  of  power  dissipation  level,  filler 
material  and  reproducibility  were  examined.  The  experimental  test  method 
and  results  are  given  in  Section  3*2. 

These  Joints  are  "practical"  ones;  i.e, ,  representing  actual 
fabricated  joints.  As  a  result,  variations  In  the  thermal  conductance  must 
be  expected  from  "identical"  joints.  An  attmspt  was  mads  to  apply 
idealised  theorlee  to  theee  Joints  to  obtain  a  correlation  of  the  teat  data. 

Tha  results  of  this  effort  are  given  in  Section  7. 

3.i  QPtFOWKT  joint  BBBBBEBk  rare 

The  ccmporunt  Joints  ware  simulated  by  bolting  a  plate  1/16  inch  thick 
of  the  necessary  dimensions  to  a  bass  plats  1/6  inch  thick.  The  component 
bass  plats  dimensions  used  wars  6  indues  square,  6  inches  by  12  inches, 
and  12  inches  square.  The  plates  upon  duich  the  base  plates  wars  mounted 
wars  2  indues  greater  in  each  dimension  than  the  component  plate;  e.g. , 

6  inches  square  for  the  6-inch  square  component  plate.  The  bolt  size  anl 

placement  for  each  Joint  are  shown  in  Figure  2.  A  heater  made  of  40  gage 

Constantsa  wire  sandwiched  between  1  mil  Hylar  was  bonded  to  the  upper  f) 

surface  of  each  ccmponmt  base  plate.  The  mounting  plate  had  1/4  inch 
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copper  cooling  colls  attached  to  its  underside.  The  whole  assembly  was 
capped  in  20  layers  of  super  insulation  and  suspended  within  a  bell  jar. 
This  bell  jar  was  evacuated  to  a  pressure  less  than  Hf**  torr.  Figure  U 
shows  a  component  joint  after  testing;  the  final  assembly  and  the  vacuum 
system  are  illustrated  in  Figure  5*  The  thermocouples  have  boon  removed 
from  this  sample  so  that  surface  roughness  measurements  can  be  made. 

The  test  procedure  consisted  of  placing  the  insulated  and  instrumented 
joint  within  the  bell  jar,  securing  a  vacuum  on  the  system,  and  setting 
the  initial  heating  rate.  Equilibrium  was  determined  by  plotting  the 
various  temperatures  as  a  function  of  time.  Once  these  temperatures  had 
stabilized  to  less  than  plus  or  minus  l°F.per  hour,  a  set  of  data  was 
taken.  The  observed  temperature  drift  was  caused  by  drift  in  the  cooling 
water  temperature. 

The  electrical  circuit  used  to  measure  the  power  dissipated  by  the 
heater  is  shown  in  Figure  6.  The  power  was  determined  by  measuring  the 
voltage  across  the  heater  terminals  at  the  component  joint  and  measuring 
the  current  flowing  in  the  heater  with  a  standard  resistor.  This  procedure 
. asr^nly  referred  to  as  the  four  terminal  resistor  technique.  The 
potentiometer  usod  for  these  two  measurements  was  a  Leeds  ana  "orthrup 
Type  K-3  Potentiometer.  This  instrument  nat,  three  ranges:  1.6  volto, 

0.16  volts,  and  16  millivolts.  The  least  count  on  those  three  ranges  is 
50,  5,  and  0.5  microvolts,  respectively. 

Initially,  temperatures  were  to  be  measured  with  nickel  resistance 
tempera t’ire  sensors.  These  sensors  were  obtained  from  the  RdF  Corp. , 
Hudson,  New  Hampshire,  and  were  calibrated  by  the  vendor  to  within  plus 
or  minus  0.5°F.  The  first  tests  did  not  yield  consistent  results.  This 
was  traced  to  the  resistance  sensors.  Deviations  as  large  as  2°F  were 
found  between  initial  and  final  calibrations  for  a  run.  Since  the 
temperature  differences  across  a  joint  were  generally  smaller  than  2  F^ 
this  initial,  data  had  to  be  discarded  and  the  sensors  replaced  with 
differential  copper-cons tantan  thermocouples.  The  subsequent  data  was 
reproducible  and  consistent  for  a  given  test  configuration. 

Resistance  thermometry  has  the  inherent  advantage  of  measuring  an 
area  rather  than  a  point;  i.e.,  a  local  average.  When  properly  calibrated, 
it  is  also  a  more  accurate  sensor  since  the  impurities  in  the  metals  used 
ere  less  Important  in  resistance  than  in  thermoelectric  effects.  However, 
this  accuracy  can  only  be  achieved  at  a  significant  increase  in  cost- 
relativ  „  to  thermocouples .  The  instrumentation  method  required  for  differ¬ 
ential  rosistance  thermometry  is  quite  different  than  that  used  for 
resistance  thermometry.  The  ratio  of  the  resistances  of  two  elements 
must  be  measured,  the  absolute  value  of  one  of  these  elements  is  needed, 
and  two  3eta  of  lead  resistance  corrections  are  necessary.  This  involves 
two  different  bridge  circuits  (and/or  instruments)  and  a  means  for 
electrical  switching.  The  alternative  use  of  thermocouples  can  provide 
a  differential  accuracy  of  approximately  plus  or  minus  0.1°F  if  the 
thermocouples  are  cut  from  the  same  roll  of  wire  and  careful  experimental 
procedures  used.’  The  cost  is  much  less,  both  in  construction  and  use. 

This  is  offset  by  the  "point"  measurement  characteristics  of  a  thermo¬ 
couple.  For  this  aeries  of  tests,  the  thermal  conductivity  of  the 
aluminum  joint  material  was  sufficient  to  minimize  this  problem. 
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Figure  U.  Typical  Component  J lint 
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Ihe  emf  of  the  test  thermocouples  was  measured  with  a  Leeds  and  Northrup 
Type  K-3  Potentiometer.  On  the  millivolt  range,  this  instrument  has  a 
least  count  of  0.5  microvolts.  Dautch  No.  14657-3 7 T  vacuum  feed 
throughs  were  used  for  the  thermocoupj.es  to  avoid  a  discontinuity  in  the 
thermocouple  circuitry.  Wheh  a  filler  material  was  used,  it  was  applied 
by  placing  two  0.050  inch  wires  on  the  surface  of  the  mounting  plate, 
putting  an  ample  quantity  of  the  filler  material  between  the  wires  and 
scraping  the  excess  off  with  a  straight  edge  resting  on  the  wires. 

Before  the  material  set,  in  the  case  of  P.TV-11  filler  material,  the 
component  plate  was  placed  on  the  mounting  plate  and  bolted  down.  The 
bolt  torques  for  all  joints  were  set  with  a  calibrated  torque  wrench. 

No  special  instructions  were  given  to  the  person  assembling  the  joint 
relative  to  the  order  of  tightening  the  bolts.  This  was  intentional 
since  the  randomness  of  a  fabricated  joint  was  desired. 

The  results  are  summarized  in  Tables  1,  2,  and  3;  the  actual  data  and 
the  techniques  used  in  its  reduction  are  given  in  Appendix  I.  Included 
in  the  Appendix  are  schematic  diagrams  showing  the  placement  of  the 
temperature  sensors.  Three  specimens  of  each  joint,  were  run  with  the 
exception  of  the  G  683  silicone  grease  filler.  Thi3  material  was  found 
to  be  less  suitable  for  use  as  filler  than  the  silicone  rubber.  The 
primary  difficulty  with  the  grease  was  the  contamination  of  the  other 
areas  around  the  joint;  i.e.,  it  was  messy.  Furthermore,  it  did  not 
yield  joint  conductances  as  large  as  the  RTV-11  material. 

The  results  for  the  6-inch  square  joint  (Table  1)  shows  that  the 
effect  of  heat  flux  level  ;/as  small.  This  was  a  temperature  gradient 
effect  aid  for  the  small  range  involved  in  this  test  (from  2.5°F  to  10°F 
for  &  typical  case),  it  was  not  important.  Similarly,  the  change  in 
bolt  torque  from  12  to  30  inch-pounds  was  not  significant.  The  effect  of 
the  RTV  11  was,  however,  quite  significant.  It  increased  the  thermal 
conductance  of  the  6-inch  square  joints  by  a  factor  of  4  and  the  larger 
joints  by  a  factor  between  5  and  6. 

The  most  obvious  result  of  the  tests  was  the  inconsistency  of  the 
result?  for  "identical"  joints.  Joint  No.  2  of  the  6-inch  square  joints 
is  a  good  example.  An  examination  of  the  second  Joint  showed  the  component 
base  plate  to  be  bowed  by  0.007  inches  (concave  upwards);  Joint  No.  1  was 
bowed  0.003  inches  (concave  downwards);  and  Joint  No.  3  was  bowed  0.003 
inches  (concave  upwards).  Thus  a  trend  of  increased  conductance  with 
upward  concavity  is  indicated  by  these  limited  tests.  In  actual 
fabrication,  a  flatness  tolerance  can  be  imposed,  e.g.,  plus  or  minus 
.003  inches,  which  would  minimize  thia  effect.  Such  a  constraint  is  not 
unreasonable.  The  surface  roughness  of  the  test  plates  was  measured 
using  a  diamond  stylus  profilemeter.  The  results  were  conoistent  for  all 
the  plates  and  yielded  11  u  in.  rms  across  the  roll  marks  and  4  n  In.  rms 
with  the  roll  marks .  The  surfaces  were  randomly  mated,  that  ia  the  roll 
marks  placed  either  parallel  or  perpendicular,  but  recorded.  The  results 
show  no  correlation  between  stria tion  alignment  and  conductance  values. 


Manufactured  by  General  Electric  Company,  Silicone  Products  Department 
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TABLE  2 

COMPONENT  JOINT  THERMAL  CONDUCTANCE  EXPERIMENTAL  RESULTS 
THERMAL  CONDUCTANCE  -  BIU/HR  FT^  °F 

6  inch  by  12  inch  plate,  l/l6  inch  thick,  mounted  to  8 
inch  by  14  inch  plate,  1/6  inch  thick  using  18  bolts; 
bolt  torque  24  in-lb 

Power  Dissipation 


Sample  No. 

10  Watts 

20  Watts 

40  Watts 

Filler  Material 

1 

18.5 

18.9 

18.5 

None 

1 

103 

101.5 

98 

RTV-11 

2 

103 

101 

97 

RTV-11 

3 

90 

92 

\ 

92 

RTV-11 

TABLE  3 

COMPONENT  JOINT  THERMAL  CONDUCTANCE  EXPERIMENTAL  RESULTS 
THERMAL  CONDUCTANCE  -  BTU/HR  FT*  °F 

12  inch  by  12  inch  plate,  1/16  inch  thick,  mounted  to 
14  inch  by  14  inch  plate,  1/6  inch  thick  using  24  bolts; 
bolt  torque  24  in- lb 

Power  Dissipation 


Sample  No. 

20  Wiatts 

40  Watte 

80  Whtts 

Filler  Material 

1 

8.4 

8.3 

8.3 

None 

1 

56.6 

55.8 

56.1 

RTV-11 

2 

51.7 

52.8 

51 

RTV-11 

3 

51.4 

51.9 

52.4 

RTV-11 
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The  value  of  the  filler  for  component  mounting  boxes  is  apparent. 

For  the  proposed  test  of  a  spacecraft  model,  the  component  boxes  will  be 
simulated  by  resistances  dissipating  pre-determined  values  of  power. 

Ibis  is  very  similar  to  an  actual  spacecraft  system.  Ihe  higher  values 
of  conductance  will  permit  the  same  heat  flow  with  1/3  to  1/4  of  the 
temperature  difference  or  conversely,  3  to  4  times  the  heat  flow  for  the 
same  temperature  difference.  Ibis  should  make  this  type  of  thermal 
resistance  less  critical  in  the  thermal  analysis  and  prediction. 

The  effect  of  using  filled  joints  must  be  investigated  for  each 
specific  application  under  consideration.  While  much  higher  conductance 
values  were  obtained,  the  scatter  in  the  data  was  larger  for  filled 
than  unfilled  joints.  Therefore,  the  selection  of  filled  or  unfilled 
joints  depends  upon  whether  joints  of  high  conductance,  not  precisely 
defined  or  joints  of  low  conductance,  more  accurately  described,  are 
desired. 

The  differences  in  conductance  for  different  sized  component 
mounting  plates  was  also  of  interest.  Ihe  filled  conductance  decreased 
by  a  factor  of  2  when  the  dimensions  of  the  square  component  base  was 
increased  from  6  to  12  inches.  This  decrease  is  expected  since  the 
number  of  bolts  doubled  while  the  total  area  increased  four  times. 

Ibis  effectively  causes  an  increase  in  the  conduction  pathlength  of  the 
mounting  plate.  These  factors  will  be  considered  in  more  detail  in 
Section  7,  "Correlation  of  Experimental  Results." 

The  overall  accuracy  of  the  testa  is  difficult  to  assess  properly. 
However,  the  experimental  accuracy  of  the  various  tests  quantities  can 
be  given: 

Inaccuracy  in  temperature  difference  measurement :  +  0.1°F 

Inaccuracy  in  temperature  measurement:  +  0.5°F 

L.vccuracy  in  power  dissipation  (including  insulation  loss):  +  .5* 

2  ~ 

Inaccuracy  in  area  measurement:  +  .050  in 

Inaccuracy  in  bolt  torque:  +,0.5  inch-pounds 

These  values  may  be  combined  in  a  linear  error  analysis  to  approximate 
the  total  measurement  inaccuracy.  That  is,  the  error  in  measured 
conductance  (h)  of  a  typical  unfilled  Joint  is: 

&U1  .  L  +  i2i 

h  At  q  A  1  5  36 

or 

-  10.5* 

The  significance  of  this  inaccuracy  must  be  appraised  in  terms  of  the 
application  of  the  data.  The  error  in  the  measurement  of  a  single  joint 
is  less  than  the  lack  of  reproducibility  between  joints.  Hence,  the  more 
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important  factor  is  the  variation  of  the  conductance  of  "identical" 
joints.  As  shown  in  Tables  1,  2,  and  3,  this  is  approximately  plus  or 
mi nus  25  percent.  However  the  influence  of  such  a  variation  upon  a 
thermal  analysis  can  be  either  large  or  small,  depending  upon  the 
system  examined.  For  example,  if  a  spacecraft  thermal  control  system  is 
conduction  controlled,  this  variation  nd#it  be  critical;  conversely,  if 
it  were  radiation  dominated,  the  differences  might  be  negligible.  Tb 
detendne  the  importance  of  these  variations  requires  an  error  analysis 
of  the  specific  configuration. 

3.2  STRUCTURAL  JOINT  EXPERIMENTAL  TESTS 

The  test  procedures  used  for  the  structural  joint  measurements  were 
identical  to  those  used  with  the  component  joints.  The  structural 
joints  tested  are  shown  schematically  in  Figure  3;  an  actual  test  Joint 
is  shown  in  Figure  7.  A  40  gage  cons tan  tan  and  ltylar  heater  was  bonded 
to  one  edge  of  the  joint.  On  the  opposite  edge,  a  1/4  inch  copper  cooling 
tube  was  bonded  to  provide  the  necessary  heat  sink.  This  whole  assembly 
was  wrapped  in  20  layers  of  super  insulation  and  suspended  in  a  bell  jar 
( similar  to  Figure  5).  The  remainder  of  the  test  procedure  was  identical 
to  that  used  for  the  component  joints,  e.g.,  the  electrical  measuranent 
circuit  was  that  given  in  Figure  6.  Based  upon  the  experience  with  the 
component  joints,  only  thermocouples  were  used  as  the  temperature  sensors. 
The  Leeds  and  North rup  Type  K-3  Potentiometer  was  again  used  for  measuring 
the  thermocouple  voltages. 

The  test  results  are  given  in  Thbles  4,  5,  and  6;  the  actual  data 
from  which  these  results  were  reduced  are  given  in  Appendix  II.  The 
first  Joint  tested,  Configuration  1  of  Figure  3,  is  representative  of 
the  trends  indicated  for  all  three  Joints.  Within  the  range  of  power 
dissipations  used,  no  dependency  upon  power  level  is  indicated  for 
the  unfilled  joint;  i.e. ,  for  small  temperature  differences,  the 
conductance  is  a  constant.  A  much  higher  value  of  Joint  conductance  was 
obtained  with  the  use  of  a  filler  material  along  with  an  apparent  heat 
flow  dependency.  Configuration  2  used  nut  plates  on  one  side  instead  of 
bolts.  This  had  little  effect  upon  conductance  for  the  unfilled  case. 
However,  opposite  results  were  obtained  for  two  different  R TV-11  filled 
joints  with  this  conf iguration ;  i.e.,  in  one  case  the  rut  plate  side  had 
s  higher  conductance  and  in  the  other,  it  had  a  lower  one.  No  difference 
between  a  bolted  joint  and  a  nut  plate  joint  could  bs  concluded  from  the 
results  for  Configuration  1  and  2  because  of  this  conflicting  data.  A 
strong  dependency  with  heat  flow  is  also  noted  for  the  filled  joint. 


The  results  of  the  filled  structural  joint  teste  show  wide  variations 
in  calculated  conductance.  The  most  probable  reason  for  these  variation) 
is  the  tm^«rature  measurement  error.  The  tmaparature  difference  across 
the  interface  was  of  the  mbs  order  of  magnitude  as  the  expected  temperature 
error.  In  ideal  joint  conductance  teste  appearing  in  the  literature 
(see  Section  3-3) ,  the  temperature  profile  of  the  mating  parts  is 
accurately  plotted  and  the  data  projected  to  the  interface  to  obtain  the 
t operator*  difference.  The  heat  flows  are  normally  much  higher  thar  \  the 
present  study  and  much  higher  topers tups  differences  result.  In  the 
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TABLE  4  5 

STRUCTURAL  JOINT  CONDUCTANCE  -  BTU/HR  P T  F 


6  Inch  Joint,  2  bolts,  24  inch-  ounda  torque,  Configuration  1 


* 

Joint  No. 

Q  -  Heat  Supplied 

Filler 

5  Watts 

15  Watts 

25  Watts 

la 

70.3 

74.2 

75.7 

None 

lb 

00.5 

80.6 

85.3 

None 

2a 

103.5 

100.1 

100.9 

None 

2b 

88.5 

90 

96.5 

None 

3a 

78.5 

79.4 

77.0 

None 

3b 

77.5 

79-8 

81.8 

None 

la 

1042 

906 

715 

RTV-11 

lb 

1042 

995 

895 

RTV-11 

la 

502 

595 

542 

0-683 

lb 

681 

652 

645 

0-683 

9  inch  Joint,  3  bolts,  24  inch-pounds  torque. 

,  Configuration  1 

* 

Joint  No. 

Filler 

7.5  watts  22.5  watts 

37.5  watts 

la 

116.0  98.5 

100.8 

None 

lb 

74.0  75.3 

77.9 

None 

Tli*  notation  a  and  b  are  used  to  distinguish  the  side  of  the  Joint  naxt 
to  thn  has  ter  and  the  cooling  coil,  respectively. 
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TABLE  5  3  n 

STRUCTURAL  JOINT  CONDUCTANCE,  BTU  HR  FT  P 

6  Inch  Joint,  2  bolts,  24  inch-pounds  torque,  Configuration  2 


Joint  No. 

5  Watts 

15  Watts 

25  Watts 

Filler 

la  (Bolt) 

84.2 

81.5 

85.0 

None 

lb  (Nut  Plate) 

99.0 

100.8 

110.3 

None 

2a  (Bolt) 

105.5 

102 

100,8 

None 

2b  (Nut  Plate) 

82.4 

81.4 

83.2 

None 

3a  (Belt) 

89.5 

88.5 

92.6 

None 

3b  (Nut  Plate) 

93.5 

99.3 

105.2 

None 

la  (Bolt) 

1427 

1227 

1050 

RTV-11 

lb  (Nit  Plato) 

520 

514 

490 

R  TV-11 

la  (Bolt) 

438 

425 

420 

0-683 

lb  (Nut  Plate) 

341 

345 

375 

G-683 

2a  (Bolt) 

889 

1  7  J 

669 

RTV-11 

2b  (Nut  Plate) 

1092 

1466 

800 

RTV-11 

9  inch  Joint,  3  bolts. 

24  inch-pounds 

wvrquc,  Configuration  2 

Joint  No. 

Filler 

7.5  Natts 

22.5  Watts 

37.5  Watte 

la  (Bolt)  93-5 

95.2 

94.1 

None 

lb  (Nut  Plate)  34.1 

C7.G 

97.6 

None 

LB 


TABLE  6 

STHUCWRAL  JOINT  CONDUCTANCE,  BIU  HR 

°p 

6  Inch  joint,  2  boltj , 

24  inch -pounds  torque, 

Configuration  3 

Joint  No. 

5  Watts 

15  Watts 

25  Watts 

Filler 

1 

147.0 

144.2 

142.0 

None 

2 

194.0 

180.0 

174.0 

None 

3 

112.2 

108.5 

106.5 

None 

1 

1110 

1273 

1242 

RTV-U 

1 

1328 

1262 

1231 

G-683 

9  inch  joint,  3  bolts, 

24  inch-pounds  torque, 

Configuration 

Joint  No. 

Filler 

7.5  Watts 

22.5  Wstts  27.5  Nfctts 

1 

142.2 

139.0 

135.5 

None 

present  investigation,  the  real  joints  had  two  dimensional  heat  flo we.  It 
was  not  possible  to  project  gradient  measurements  to  the  interface. 
Furthermore,  the  heat  fluxes  used  were  selected  as  representative  of  those 
to  be  encountered  in  an  actual  spacecraft,  and  the  temperature  gradients 
were  correspondingly  small. 

Two  values  of  joint  conductance  are  given  in  Table  2»  and  5 
(Configurations  1  and  2)  for  each  test  joint.  The  experimental  system 
was  instrumented  to  obtain  the  r undue tance  from  either  plate  to  the 
angle.  The  effective  conductance  from  plate  to  plate  is  determined 
(by  analogy  to  au  electrical  circuit)  as: 


If  this  effective  conductance  is  computed  for  "identical"  joints  and 
conditions,  the  variations  between  the  measurements  are  reduced  signifi¬ 
cantly  for  the  unfilled  joints.  In  the  case  of  Configuration  1,  the 
variations  in  total  conductance  are  less  than  plus  or  minus  15  percent; 
for  Configuration  2,  it  ie  less  than  plus  or  minus  7.5  percent.  The 
filled  joints  have  a  much  wider  variation  as  is  indicated  by  the  measure¬ 
ments. 

TWo  lengths  of  joint  were  tee  ted  for  all  throe  configurations.  No 
significant  differences  in  the  measured  conductances  were  observed.  Hence, 
the  end  losses  from  the  test  joint  are  considered  to  have  been  negligible. 

The  third  configuration  tested  was  the  one  to  be  used  for  connecting  the 
internal  mounting  plate  to  the  frame.  The  measured  results  were  similar 
to  those  obtained  for  the  other  t»  configurations. 

The  test  results  obtained  indicate  a  filled  structural  joint  to  be 
more  variable  than  an  unfilled  one.  The  conductance  is  significantly 
higher,  of  course.  This  variability  may  be  nullified  by  the  higher  valuo 
obtained.  As  discussed  in  Section  3.1,  this  can  only  be  assessed  by 
performing  an  analysis  of  an  actual  spacecraft  system  using  these  -posing 
conditions.  The  choice  will  depend  upon  the  relative  importance  of  the  two 
modes  of  heat  transfer,  radiation  and  conduction,  for  the  joint  analysed 
and  the  particular  syatss  used.  However,  if  filled  joints  are  used,  « 
formerly  conduction  dominated  system  may  become  radiation  con  troll  ml.  For 
example,  the  toi.\  effective  conductance  of  ar  unfilled  joint  is  of  the 
order  of  1*0  to  50  Btug'hr  ft2  °F  Aere  aa  an  RIV-U  filled  Joint  has  a 
conductance  of  over  500  Btu/hr  ft2  °F. 


4.  DEVELOPMENT  OF  ANALYTICAL  METHODS  FOR  THERMAL  PERFORMANCE  ANALYSIS 


The  transient  energy  equation  which  must  be  solved  for  each  surface  in 
space  vehicle  thermal  analysis  is: 

r  dT. 

1  *d0  *  (qA  *  (qr}i  +  (qA  4-1 

where  *  net  heat  transfer  from  an  external  source  or  by  internal 
dissipation 

qr  «  net  heat  transfer  by  radiation 

qc  »  net  heat  transfer  by  conduction 

lhe  quantity  q  is  generally  a  function  of  ti~e.  This  is  a  result  of 
orbital  conditions  and/or  of  mission  imposed  duty  cycles.  Solutions  of 
Equation  4-1  are  required  for  each  surface  of  the  spacecraft  (internal 
and  external)  as  a  function  of  time  in  orbit. 


For  computer  solution,  ths  technique  of  finite  differences  ia  used. 
Equation  4-1  is  written 


T^S  *A0) 


T.  (s) 


f 

LC 


Thus,  the  temperature  of  surface  1  at  time  I  ♦  48  is  expressed  in  terns  of 
the  temperature  and  net  energy  transfers  at  time  I.  The  variation  of  qx 

with  time  is  assumed  to  be  Known  or  imposed  by  external  constraints  upon 
the  spacecraft.  However,  both  conduction  and  radiation  contain  the 
temperature  variable.  The  expression  for  q^  is 
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The  expression  for  qj.  can  be  given  by  either  th*-  network  method  or 

ty  Hottel's  "script  F."  The  equations  Mhich  mat  b«  solved  to  obtain 
t**D  **thode  Is  given  in  Section  4*1*  They  are 

M 

»0tUl:  Vl  'LA  °lX0<1lt4-TlA)  l,"A 


the  simple  equivalence  of  Hottel  (1)  end  Oebt.art  (2)  method?  (see 
Section  4.1)  Is  such  that  for  all  practical  purposes,  they  may  be  assumed 
tn  he  identical. 


Network:  (^)±  =  k±  (^j 

(crT.4-^) 

1-5 

M 

_  4 

J  ^ 
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k=l 

or 

M 

=  ViaTi4- 

4-7 

Tho  difference  between  the  two  methods  for  radiation  calculations  becomes 
apparent  by  examining  the  above  equations.  At  each  time  interval ,  the 
network  method  requires  a  new  solution  of  the  radiation  problem;  the 
"script  F"  technique  requires  the  radiation  problem  to  be  solved  on'*;  go 
determine  the  values  of  3...  .  The  determination  of  3,^  does  not  nejd  to  be 
repeated  unless  the  proper -ies  are  changed.  It  should  be  noted  -hat  if 
the  problem  is  not  transient  and  no  conduction  is  involved,  neither  method 
has  any  computational  advantage  over  the  other. 

The  procedu^  for  obtaining  the  "script  F"  values  for  a  given  enclosure 
can  be  that  described  by  Hottel  (1)  or  from  the  network  method  (6).  In 
both  methods  of  securing  , ,  one  matrix  inversion  is  required;  if  the  two 

matrices  are  compared  (see  References  1  and  6),  they  differ  only  by  the  use 
of  the  areas  of  the  surfaces  in  the  diagonal  or  Hottol's  matrix;  i.e.,  no 
computational  or  accuracy  advantage. 

The  inversion  process  and  the  time  interval  increments  ussd  in  Equation 
4-2  provides  a  quantitative  means  for  determining  the  "cost"  of  solving 
Equation  4-2  by  the  radioaity  method.  A  matrix  of  the  coefficients  of  the 
various  J's  must  be  inverted  once  at  the  start  of  the  entire  problem  and 
can  be  used  again  with  the  values  of  temperature  obtained  at  subs  uent  times. 
Hottsl's  method  for  calculating  "script  F"  requiros  a  similar  matrix  inversion, 
~n  each  case,  after  the  matrix  inversion,  secondary  calculations  arc  required 
to  determine  the  various  3  or  the  new  radiositics.  However,  with  "script 
F,"  this  does  not  have  to  tft  repeated  at  each  time  Interval.  Hence,  for  N 
time  intervals  and  M  surface  enclosure,  the  number  of  calculations  us^ng 
radioaities  is: 


W?  ♦ 


the  matrix  inversion 


The  reciprocity  relaticsuhlp  -  A^S^  can  be  used  in  conjunction  with 

the  method  given  by  Reference  6  to  obtain  3  in  a  time  corresponding  to 
that  given  for  the  network  method  of: 

1/2  (M)(M*1)  ♦  the  BENtrix  inversion 

Consequently,  the  "script  F"  mo. hod  is  significantly  more  economical  than 
the  network  method. 
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The  steady  state  ease  is  also  more  readily  solved  by  the  "script  F" 
method  when  radiation  and  conduction  are  both  present.  Equation  4-1  for 
the  steady  state  case  can  be  written  v.dth  the  aid  of  Equation  4-3  as: 


M 


L  i 


T,  (1-71) 


k=l 


M 


54 


Ski 
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T]  r»  o  with  convergence, 
.g. ,  by  iteration.  If 


wars  |j  represents  the  convergence  factor;  i.< 

Equation  4-8  must  be  solved  for  all  surfaces  i,  e.g. ,  by  iteration.  If,  for 
oach  iteration,  a  new  solution  for  the  values  of  (  \  is  required,  the  nunbor 
of  calculations  required  is  identical  to  the  time  interval  prof  em.  If  how¬ 
ever,  (qr).  is  represented  by  Equation  4-4,  the  iteration  process  is  inde¬ 
pendent  of  recalculation  of  the  radiation  problem. 


This  discussion  of  the  relative  merits  of  the  network  method  and  the 
"script  F"  method  is  not  based  upon  the  assumptions  inherent  in  either 
procedure.  Another  technique  based  on  less  restrictive  assumptions  will 
be  described  in  Section  4.2.  It  can  be  used  in  either  a  network  or  a 
"script  F"  form,  and  the  same  arguments  will  hold  relative  to  the  method 
of  solution  to  be  used. 


Ihe  accuracy  of  any  method  can  be  separated  into  two  parts.  The  first 
is  that  inherent  in  the  assumptions;  e.g. ,  specular  versus  diffuse 
properties.  The  second  part  is  the  accuracy  of  computation.  The  as¬ 
sumptions  of  the  analysis  is  the  dominant  factor  in  determining  the  degree 
to  which  a  method  approximates  a  real  system. 

4.1  COMPARISON  OF  THE  ANALYTICAL  METHODS  OF  HOTTEL  (1),  GEEFjRT  (2). 

AND  OP'PENHEIM  (3)  FOR  CALCULATION  OF  RADIATION  HEAtIrA^FER 

The  ca] culation  of  radiation  heat  transfer  is  generally  based  upon 
several  simplifying  assumptions: 

(1)  The  thermal  radiation  properties  of  all  surfaces  involved  in  the 
heat  transfer  are  diffuse  (independent  of  angle),  grey  (inde¬ 
pendent  of  wavelength),  not  dependent  upon  temperature,  and 
surfaces  are  opaque. 

(2)  An  "enclosure"  can  be  constructed  which  contains  and/or  bounds 
all  of  the  surfaces  involved  in  the  radiation  exchange  such  that 
all  radiation  emitted  and/or  reflected  from  any  one  surface  is 
reflected  and/or  absorbed  by  the  other  surfaces. 

(3)  Any  single  surface  used  in  the  calculations  is  isothermal  and 
uniformly  irradiated;  this  may  necessitate  the  subdivision  of  a 
large  natural  surface  into  several  parte  in  order  to  approach 
this  condition. 

(4)  No  affects  occur  as  a  result  of  polarization,  diffraction 
or  fluorescence. 
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+.  .  of  -"lewinff  the  solution  of  this  radiation  exchange 

Uiree  different  methods  of  „nararLv  kncrn  as  the  "script  F" 

problem  are  a^^bbb"  ,  gd'thod  and  the  network  (Oppenheim). 
method  (Hottel) ,  GebhaJ\  t  bg  identical  since  they  are  based  upon 

Intuitively,  these  methoJ?n^8^ethe  conservation  of  energy.  However, 

the  same  physical  assumptive  and^the  '^^trated.  Sparrow  {?) 

it  is  important  thabbbib  developing  the  methods  of  Hottel  and  Gebhart 
has  recently  shown  this  by  cript  F"  method  has  been  advocated 

fr0m  the  netwo*  Tc L^ex  transient  radiation  exchange,  the 

“  ■ "££d Si  b.  used  here  as  the  method  of  comparison. 

Hottel' s  method  is  base!  ^^^s^f^^^rfaces 
exchange  “ittin  an  ^nolosur.^  ^  #t  t^p.rature;  the  rasaining 

except  one  within  the  enci  s  T>  =  i.  He  then  considers 

surface  has  an  emission  rate  of  uni  y ,  •  *  ‘  A  3Urface  j  as  a  result 

the  quantity  iRi! ^dHSface  i^ for  surface  i,  the  radiation  leaving  is 
of  the  Power^omitted^by  surf-  ^  ^  are  expressed  as 


si  +  iRi- 


a  *1  ni  ^_rp  ^ 

Qij=AiVwi  TJ 
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where  the  reciprocity  relation  has  been  used,  i.e.,  ^  =Vji* 
The  quantity  .Rj  is  related  to  3^  by. 


Ai9ij 


■  ivj  iy 
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?USU^%lllCilheia  KbS1’^  ““  rlsj(t3of^SS"^;<*  surface  i 

TX  *Ad  -o  £  -rl Z2£X 

<fr“  ax 

surfaces)  exchange. 

ft.  irradiation  of  surface  j  bv  surface  i  (jR/Pj)  be  expressed 
for  art  M  surface  enclosure  (c^  =  1)  as. 

M 


iR1 

It  “  Vi  *  >-  ‘3K 

i  x-l 


I  F»  A 


O 
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Multiplying  tnrough  by  e^A^/A^  gives 


¥j  iRJ  AJF.11ei£; 

An  A . 


E1A.1F1k  i^' 


i]|i 

pk  <  K 


With  Equation  4-10  and  noting  A^F^  -  this  gives 

M 

3n = eieiFii  +r <eiFKi)  ^  i 

1J  ijlJ  ^  4i  \ 


3ij  -  eiEjFij  + 1  bAj£  3ik  ^ 

k=l  Sc 

Equation  4-13  will  be  developed  by  the  network  method  in  order  to 
indicate  the  equivalence  of  the  two  techniques. 

The  Gebhart  method  is  a  variation  of  the  "script  F"  phrased  in 
different  language.  Gebhart  utilized  a  quantity  B. .  to  represent  the 
effects  of  interreflections  within  the  enclosure.  is  the  fraction 

of  radiation  anitted  by  surface  i  which  is  absorbed  by  surface  j.  The 
heat  loss  of  a  surface  was  expressed  by  Gebhart  as: 

M 


q3  •  *jVT/  -£viVTi‘ 


4-14a 


qJ  “  ejVTJ4  "  Z 


4-14b 


The  corresponding  expression  for  Hottel's  method  is: 

M  M 

qj  “Z  Aj3jiaTj4  "Z  Ai3iJffTi4  4-15 

Mj  i*5 

The  first  term  of  Equation  4-15  simplifies  by  noting  the  total  radiation 
leaving  surface  j  is  EjoT.4,  i.e.,  T.  -  0 
M  J  J  1 

Y.  V '  Ej,T/  ’  V*/ 
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or 


M 


T.  *3L  =  ^ 


4-16 


i=l 


Equations  4-14  and  4-15  must  represent  the  same  net  heat  loss  by  surface  j. 
Equating  these  two  relations  gives: 

M  M 

I  Ai  V1 14  ■IBiieiVTi4 

i=l  i=l 


This  can  only  be  true  if: 


8.  .  -  p -B.  . 

x  ij 
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Consequently,  Gebhart's  is  equal  to  Hottel's  >T  ^  divided  by  e^. 

The  equations  representing  the  network  method  of  solution  utilize  the 
radiosity*  of  a  surface.  The  radiosity  of  a  surface  can  be  expressed  as: 

M 

Ji  ’  vV  *ZpiFiA  t-w 

k=l 


The  net  heat  flux  leaving  a  surface  is: 


%  =  Ai  (aTi4~Ji) 
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This  can  also  be  written  as  (since  ei  +  =  1): 

M 

qi  =  AiJi  "  Ai  Y*  Fi* 

k»l 
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Now  consider  the  case  of  an  enclosure  with  all  surfaces  at  zero  temperature 
except  surface  i  which  has  cyT,^  =  1. 


=  Pj  L  V* 

k-1 


M 


or 


qj '  "ij '  Vj  • k)  II  V* 

k=l 

■Hj  ■  Vi(1-^  (^)  Vj 
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♦Radiosity  is' the  sum  of  the  emitted  and  reflected  radiant  power  from  a  surface. 
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But  by  Equation  4-9  for  the  assumed  constraints  on  surface  temperatures 


4i J  ’  *  Ai  sij  '  -  Vji 

Hence 


Substitution  of  Equation  4-24  into  Equation  4-20  yields 

M 

au  '  ei£jFij  •  L  ft) 

k=l  K 


This  is  identical  to  Equation  4-13* 

SUMMARY 

The  method  of  Gebhart  has  been  shown  to  be  directly  convertible  to  the 
"script  F"  of  Hottel  by  the ’use  of  Equation  4-17.  Similarly  the  network 
method  has  been  shown  to  yield  an  expression  for  3^ .  identical  to  that 
obtained  from  Hottel' s  method  (Equation  4-13  and  4-0 ) .  Therefore,  there  is 
no  difference  in  the  methods  and  by  algebraic  manipulation,  one  method 
can  be  expressed  in  the  terms  of  either  of  the  other  two. 

4.2  IMPROVED  METHOD  OF  RADIATION  ANALYSIS 

The  available  methods  for  radiation  heat  transfer  analysis  have  been 
restricted  by  the  assumptions  given  in  Section  4.1  Recently,  a  review 
of  the  problem  has  been  made  and  a  procedure  is  now  available  for  eliminating 
the  restriction  to  nondirectional  diffuse  properties  (4) .  The  use  of  non- 
grey  thermal  radiation  properties  can  be  used  in  the  manner  described  by 
Bevana  and  Dunkle  (8).  Perfectly  specular  properties  can  be  treated  by  the 
method  of  Eckert  and  Sparrow  (9)  but  the  properties  must  be  considered  to 
be  nondirectional.  The  case  of  polarization  can  also  be  treated  (10) 
but  the  practicality  is  limited  to  a  few  casee.  The  most  practical 
new  technique  is  believed  to  be  that  given  by  the  second  approximation 
deserlbed  in  Reference  4.  The  following  discussion  will  describe  the 
adaptation  of  this  method  to  development  of  a  "script  F. " 

The  second  approximation  of  Reference  4  considers  surfaces  which 
have  directionality  and  components  of  reflection  which  are  diffuse  and 
specular.  The  expression  for  the  heat  transfer  to  a  surface  within  an  # 
enclosure  under  the  assumptions  of  wavelength  independent  properties  is: 


This  later  restriction  can  be  easily  reseved  but  is  not  pertinent  to  the 
ensuing  discussion. 
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%  ■  W'k4  -L 

j-l 

H  M  i 

-  Y.  I-  'ScakjPiJkei/kjFjiaTi 
3=1  i=1 


-  t£ 


J*1  i*1 


VkAj^i/kjVi 


This  can  be  written  as: 

M  M 


'  'I.  Z  Vki^l/kt  *  f’l3kEUFkjFJi)oTi 

i=l  j=l 


M  M 


i-1  j-1 

In  matrix  notation  this  bee  ones: 


I  Z  Vu'WU^Vi 

L»1  FI 


«!  fvTl4 

q2  'e2ffT24 


*11  &12 


«  •  • 


a21  22 


a„„  .  .  .  ac 


T4 
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I 
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n 

I"  ^cVy* 

*«1 


c  P  P  ) 

X  JZ  x 2  2jr 


“<L  AxnaxBpyxxFxzP*ypxx 
r>l 


t 


c 


The  quantity  is  given  by: 

M  K  fM 

°k  ■ :  I  vtj\j  *  n  T.  T. 


J-l 

M  M 


j-1  i-1 


Z  Z  pijkpiJFk/jiDi 


j-1  i-1 

In  matrix  notation,  these  equations  can  be  written: 


where 
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4-32 


(  pyixPyaP«F*y  ^ 


xy  ^ 


K  PXXXP  XZFX*F4X 
(  r-1 


y> 


0  ‘n  Vw  *  I  W»'u 


yx  xy 


*-l 


If  Equation  4-32  ia  now  solved  for  the  quantities  0,  we  have 
IP}  •  Cd]  Cc]  (ef*} 


4-33 


4-34 


4-35 


O 


The  notation  l  ]  has  been  introduced  to  denote  a  square  matrix,  e.g., 
the  d  or  o  aav. lx  of  Squation  4—32;  the  1  J  denotes  a  colusn  aatrix  such 
aa  the  0  or  eT*  aa+rix  of  Equation  4-32;  and  [  l-1  is  the  inverse  of  the 
indicated  aatrix 
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Solution  of  Equation  4-35  yields  the  various  D^'s  requirad  in  Equation 
4-28.  Equation  4-28  can  then  be  expressed  as: 


{q}  =  +  Ca]  -!aT^ j-  +  Cb]  (D}  4-j6 

A  directional  diffuse-specular  "script  F,;  can  be  obtained  with  Equations 
4-35  and  4-36.  Using  Hottel's  concept  of  a  "script  F,"  i.e.,  set  all 
temperatures  except  one  within  the  enclosure  equal  to  zero  and  the 
remaining  one  equal  to  unity  (say  surface  k),  the  heat  flows  (q)  are  then 
q^j.  With  this  condition: 

kj}  ■  &}  *  {*)*)  *  w  {°Jk} 


4-37 


and 

■  Cdrl  (cjk}  '*-38* 

The  solution  then  proceeds  as  iollows: 


(1) 

(2) 

(3) 

(4) 


An  index  k  is  selected  and  the  pertinent  coefficients 
selected. 

D  is  computed  for  all  j  by  Equation  4-38. 

jK 


lhe 

are 


values  of  a^  are  selected  and  the  values,  of  q^  for  all  J 
computed  with  Equation  4-37* 
is  then  compited  with  the  definition: 
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(5)  Ihe  next  value  of  k  is  selected,  and  the  calculation  continues 
until  all  H  surfaced  have  been  computed.  The  reciprocity 
relationship  AjO 

computations . 

(6)  is  used  in  the  same  manner  to  with  Hottel's  method  and  the 
solution  of  Equation  4-2  or  4-8. 


^  •  A^O^  used  to  reduce  the  number  of 


30 


The  equations  pr^inltd  property 

complicated  “J  ^  is  not  the  case.  The  computations  are 

assumption.  HatJaBatically ,  computer  time  and  storage  space. 

s  -=*  — • 


i 


5.  COMFUTER  PROGRAM  FOR  DIRECTIONAL  SPECULAR-DIFFUSE  METHOD 


The  procedural  steps  required  to  calculate  a  "script  F”  (8)  from 
the  equations  for  the  directional  specular-diffuse  analysis  have  been 
described  in  Section  4.2  This  method  has  been  programed  for  an  IBM  7094 
as  a  program  separate  from  any  general  program  for  thermal  analysis. 

The  technical  basis  for  selecting  the  9  procedure  rather  than  the  network 
approach  hare  been  discussed  in  the  first  portion  of  Section  4.  For 
the  reasons  given  there,  most  computer  programs  for  thermal  analysis  hare 
been  written  in  terms  of  3,  Thus,  the  existing  analysis  programs  could 
incorporate  a  directional  specular-diffuse  9  as  an  input  quantity  with 
a  grlntmum  of  alteration.  Furthermore,  the  direction  specular-diffuse  9 
requires  a  much  larger  working  computer  storage  than  a  diffuse  9.  If 
an  attempt  was  made  to  assemble  a  single  9  and  analysis  program,  the 
number  of  surfacee  would  hare  been  seriously  limited.  It  is  for  these 
technical  and  practical  reasons  that  the  9  calculation  was  programmed 
as  a  separate  entity.  The  flow  chart  of  the  program  is  shown  in  Figure  8 
and  a  complete  printout  In  Appendix  III.  The  symbols  used  are  those  of 
Section  4.2. 

5.1  REQUIRES  INRJT  DATA 

The  physical  factors  which  are  required  for  the  directional  specular- 
di^fuse  9  are: 

(a)  the  areas  of' the  surfaces  involved  1  -  1,  2,  3  .  .  .  ) 

(b)  the  number  of  surfaces  used  to  subdivide  the  enclosure 
(N;  N  <  20) 

(c)  the  directional  reflectance  of  surface  i  in  the  direction 

of  surface  J  (p,  .  of  Reference  4;  designated  RH0  in  machine 
language)  J 

(d)  the  geometrical  bidirectional  reflectance  of  surface  j  for 
radiation  from  surfaoe  i  which  is  reflected  to  surface  k  by 
surface  1  (p,_,  of  Reference  4;  designated  R. «.  in  machine 
language) 

(e)  the  geometrical  diffuse  shape  factors  between  surfaces 

The  only  quantities  which  are  not.  used  in  conrottional  diffuse  0 
analysis  are  p. .  (FH0)  and  p^  (R^^) .  The  use  of  the  usual  diffuse 

shape  factors  (F^)  is  made  poaaible  by  assigning  the  deviations  from 

dlffusensss  to  the  reflectances.  This  is  described  in  greater  detail  in 
Reference  4  and  leads  to  the  concept  of  geometrical  reflectances,  i.e., 
a  property  which  it  weighted  by  the  geometry  and  n  ndiffusenees  of  the 
surface.  The  directional  emlttance  of  a  surface  it  incorporated  in  the 
fTogram  as:  1  -  p<^ .  This  introduces  the  gray  radiation  assumption,  i.e. , 

properties  independent  of  wavelength.  If  desired,  either  a  band 
energy  or  monochromatic  analysis  could  bs  performed  (see  Reference  4). 


IMRJT 


Values  of  and  p^  (RH0  and  R^^)  ~an  be  approximated  with  data 

obtained  in  many  Theraophysics  Laboratories  (4)  •  The  methods  suggested 
for  this  approximation  will  be  illustrated  in  Section  5*3  and  6.2 

5.2  INPUT  PROCEDURE 

The  input  format  is  shown  in  Figure  9*  The  quantities  indicated 
are  as  follows: 


N  = 
CLR  = 


L  = 


M  = 


the  number  of  surfaces  within  the  enclosure  to  be  examined. 

The  present  program  is  storage  limited  to  a  maximum  of  20  surfaces, 
a  flag  directing  the  program  to  clear  itself  of  input  information 
\,CLR  =  l)s  prj.or  to  proceeding  to  the  next  case,  or  instructing 
the  program  to  retain  input  information  (CLR  =  6)  for  the  follow¬ 
ing  case.  When  CLR  is  set  to  2,ero,  only  those  quantities  that 
vary  from  case  to  case  need  be  entered,  all  other  information 
will  be  retained. 

a  flag  used  in  the  column  labeled  "PRE"  of  the  load  sheet. 

The  quantity  L  is  used  in  conjunction  with  CLR  =0.  An  input 
matrix  is  not  cleared,  of  information  if  the  quantity  L  is 
inserted  in  the  column  labeled  "PRE. " 

a  flag  used  in  the  column  labeled  "PRE"  of  the  load  sh6et.  It 
instructs  the  program  to  clear  the  input  matrix  of  information 
prior  to  storing  data. 

RH0  =  the  directional  reflectivity  of  surface  i  in  the  direction 
of  surface  j.-  For  program  convenience,  p.^  is  set  equal  to  the 


negative  value  of  the  hemispherical  reflectance  for  a  diffuse 
surface. 

F  »  the  shape  factor  of  surface  j  as  viewed  by  surface  i.  Oily 
the  lower  triangular  half  of  the  shape  factor  matrix  need  be 
entered;  that  is:  Fn,  F^,  ?2r  F^,,  ?32  F^,  .  .  .  F^. 

Geometrical  bidirectional  reflectance  of  surface  j  for 
incident  energy  from  surface  i  and  reflected  to  surface  k. 
Bidirectional  reflectivities  are  inputed  ir.  block  form  as 
indicated  by  the  sample  load  sheet.  The  block  number  corresponds 
to  the  third  subscript  k,  and  the  other  two  subscripts  are 
contained  within  the  k'th  block.  Only  the  upper  triangular  portion 
of  the  three  dimensional  R^^  matrix  need  be  entered.  That  is, 

^ljl  ^or  J  =  1  to  n  is  entered  for  the  first  matrix,  K  =  1;  R^2 


Rjj2,  for  j 


1  to  n  is  entered  for  the  second  matrix,  K  =  2; 


A 


i 


R1J3’  R2j3’ 


3J3 

K  =  3;  and  so  on 
A  »  surface  area 


for  j  =  1  to  n  is  entered  for  the  third  matrix, 

until  the  full  matrix  is  entered  for  K  =  n. 
of  node  i. 
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Figure  9.  Program  Input  Format 
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An  unlimited  number  of  cases  may  be  "stacked”;  all  that  is  required 
to  run  several  cases  together  is  an  END  card  between  cases.  Outlet 
quantities  0  and  3-area  products,  are  printed  out  in  matrix  form. 

Tne  following  is  a  very  simple  problem  which  illustrates  the 
input  loading.  Consider  two  infinite  diffuse  stripe  of  unit  width  and 
separation,  as  shown  below: 

(2) 

surface  (1)  and  (2) 

(3)  l  surface  (3)  is  apace 

(1)  pX  ■  “2  ■  °'9>  ^  *  0 

i 

Input  information: 

(a)  =  P-2!  =  P23  =  0.9 

/ 

P31  *  p32  =  p33  =  ° 

(b)  F12  =  =  F33  =  0.414214 

F13  =  F23  =  °* 585786 

R213  *  ^312  =  ^313  =  R212  =  P1  =  0,9 

**123  *  **321  ’  ^23  *  R121  *  p2  =  0,9 

(d)  =  A2  “  1,0>  A3  *  2.0 

The  load  sheet  for  the  above  problem  with  diffuse  surfaces  can  be  found  in 
Figure  10.  The  result  of  this  comjxitation  is  0.0933965,  which  can  be 
compared  to  the  value  given  by  Reference  9  of  0.09340. 

It  should  be  noted  that  in  addition  to  comparing  veiy  favorably  with 
the  0  matrix  evaluated  by  hand,  using  Hottel's  techniques,  the  following 
holds 


M 

*  hemispherical  emittanoe 

J-l 


as  it  should. 


It  should  be  noted  that  all  quantities  should  be  left  justified  within 
their  respective  fields. 


5.3  TCTAMPT.RS  OF  INFUT  FOR  DIFFUSE.  SPECULAR.  AND  SFECULAR-OlFHJSE 


Ihe  following  problem  has  been  selected  to  illustrate  the  input 
required  for  the  three  cases  of  diffuse,  specular  and  directional 
specular-diffuse.  Ihe  3  computer  program  given  here  can  treat  these 
cases  by  manipulation  of  the  quantity  Rj (Pij^) •  A*  discussed 

in  Reference  4,  this  factor  is  approximated  by: 


If  the  perfectly  diffuse  assumption  is  to  be  made,  the  specular  reflectance 

of  surface  j  (p  )  is  set  equal  to  zero;  if  the  perfectly  specular 
s 

assumption  is  made,  the  diffuse  reflectance  (p^)  is  set  equal  to  zero. 

The  configuration  to  be  used  to  illustrate  the  input  is  shown  below: 


Surface  1:  p-^  =  O.Q73  (vacuum  deposited  aluminum) 

Surface  2  p?  *  p-  *  0.116  (3M  black  paint) 
and  3: 

Surface  4:  P4  a  0  (surrounding  space) 

F12  "  F21  =  F31  =  F32  *  F41  =  F43  "  0,2 

F4,,  -  0.4 

A1  *  A2  "  A3  "  1 
A  *  3 

Ihe  diffuse  assumption  input  sheet  is  shown  in  Figure  11. 


PNOtLIU  NO. 


t  '••unChro  ■ 


Figure  U.  Ixjad  Sheet  for  Sample  Problem;  Diffuse  Assumption 


"he  specular  as  sumption  utilizes  the  same  data  as  above,  but 
the  reflection  is  assumed  to  be  perfectly  specular.  For  this  condition, 


R213  =  P12 


ilslill 

F21F13 1 


=  2.0897 

The  quantity  R^12  is  obtained  by  noting  for 

n 

~  y*  ^  ■<- 

i=l 


Pjk  "ijk‘  3i 


i.e.,  conservation  of  energy.  Thus, 


5-2 


-  0.3323 

Use  is  made  of  reciprocity  to  find  =  R213’  R214  *  ^ 

R. ,  _  =  R,,-.  The  load  sheet  for  this  problem  is  shown  in  Figure  12. 

412  413 

The  directional  specular-diffuse  procedure  requires  a  knowledge 
of  the  directional  properties  of  the  surfaces.  The  greatest  angle  subtended 
by  surface  3  as  viewed  from  surface  2  is  less  than  55  degrees. 

For  the  black  surface,  ths  directional  reflectance  and  hence  directional 
emittance  is  veiy  nearly  equal  to  the  near  normal  \ilue.  Therefore, 
tne  near  normal  value  was  used  for  p2^  and  P^*  T°  obtain  p2^,  a  heat 

balance  was  used,  i.e.,  for  the  general  case  of  surface  i 


n 

Vi  ■  ^  £  piApu 


5-3 


where 

The  value  of  p^ 


(p^)^  =  hemispherical  reflectance  of  surface  i. 
was  obtained  from: 


or 


21 


(pH^2  ~  F23P23 


4  ? 


21 


Pn  -  0.1275 
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Figure  12*  lo^d  Sheet  for  Sample  Problem;  Specular  Assumption 
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Reciprocity  was  utilized  oo  obtain  =  p^,  p^  -  p^»  etc.  Using 

tha  procedure  described  for  p^,  the  values  of  the  other  geometrical 

reflectances  were: 


P12  =  P1 3  =  °*^716 
P^  =  C.9744 

=  ^32  = 

The  load  sheet  for  this  problem  is  shown  ir.  Figure  13. 

Iht.  computer  results  for  the  above  configuration  will  be  found  in 
Section  6. 


6.  EXPERIMENTAL  COMPARISON  OF  SPECULAR,  DIFFUSE 
AND  DIRECTIONAL  SPECULAR-DIFFUSE  ANALYSES 


The  purpose  of  this  task  was  to  obtain  an  experimental  evaluation  of 
the  different  analytical  methods.  Such  a  comparison  must  utilize  an 
experimental  system  that  is  simple  conceptually  and  physically.  Other¬ 
wise  the  affects  of  geometry,  conduction,  convections,  extraneous  heat 
losses,  etc.,  will  not  be  controlled.  The  experimental  configurations 
chosen  are  shown  in  Figure  14*  A  test  consisted  of  placing  the  experiment 
within  a  c'  .d  wall  vacuum  chamber  (to  eliminate  convection),  insulating 
the  non-raa* ative  surfaces,  supplying  a  known  quantity  of  power  to  one 
of  the  surfaces  and  measuring  the  equilibrium  temperatures  of  the  other 
3urface(s).  The  experimental  results  were  then  compared  to  the  predicted 
values  using  the  directional  specular-diffuse  analysis  (4),  the  specular 
property  assumption  and  the  diffuse . property  assumption. 

The  following  discussion  will  be  divided  into  three  parts:  (1)  the 
experimental  test  method,  (2)  the  analytical  results,  and  (3)  a  discussion 
of  the  comparison  of  experiment  and  analysis. 

6.1  EXPERIMENTAL  METHOD  AND  PROCEDURE 

The  configuration  e  >lected  for  test  are  shown  in  Figure  14  The 
test  surfaces  were  jix  such  squares  of  1100  aluminum  0.0625  incl.  thick. 

In  each  case  the  low«r  surface  was  selected  as  the  heat  source  ana  the 
remaining  surface(s)  allowed  to  reach  an  equilibrium  condition  with  the 
environment.  The  heated  surface  had  a  heater  of  approximately  200  ohms 
cemented  to  its  underside  (the  non-raaiative  side).  This  header  consisted 
of  40  gage  constantan  wire  sandwiched  between  two  sheets  of  1  mil  My\La**. 
Voltage  leads  were  attached  at  the  heater  boundary  and  the  four  terminal 
resistance  method  used  (sec  Section  3.1)  to  calculate  power  dissipation. 

The  electrical  measuring  circuit  was  the  same  a3  3hown  in  Figure  6  of 
Section  3  with  a  Leeds  and  Northrup  8686  substituted  for  the  Type  K  3- 

Originally,  the  back  of  each  surface  was  insulated  with  20  layers  of 
super  insulation.  However,  the  edge  heat  leak  was  found  to  be  too  large 
relative  to  the  heat  absorbed  by  the  unheated  surfaces.  A  guard  heat 
system  was  found  to  be  necessary.  This  was  obtained  by  placing  a  heated 
plate  on  the  outside  of  the  insulation  and  adjusting  the  dissipation  until 
the  temperature  difference  across  the  insulation  was  zeix),  i.e.,  no  heat 
flow  through  the  insulation.  The  edges  of  the  insulation,  guard  heater, 
and  test  surface  were  covered  with  1/4  mil  thick  aluminized  Ffylar, 
aluminum  side  ouu.  These  steps  reduced  the  edge  and  back  heat  "leak," 
i.o.,  uncontrolled  loss,  to  approximately  1  Btu/hr  for  a  test  surface 
temperature  of  70°F.  This  was  satisfactory  for  all  test  surfaces  except 
the  surface  coated  with  vacuum  deposited  aluminum.  The  radiative  heat  loss 
or  gain  from  such  a  surface  wa3  tho  same  order  of  magnitude  as  the  edge 
loss.  Hence,  this  test  surface  bad  to  be  used  as*  a  passive  surface,  i.e., 
a  reflector,  and  no  heat  balance  could  be  performed  for  it. 


Each  test  surface  was  supported  within  a  framework  by  dacron 
cords  attached  to  phenolic  stand-off  attachments.  In  this  manner 
the  test  surfaces  were  isolated  from  the  framework  but  properly  positioned 
and  restrained  (see  Figure  15).  This  framework  was  mounted  within  a  LN2 
cooled  baffled  and  the  assembly  placed  within  a  vacuum  system.  A 
pressure  of  ID”'  torr  or  lower  was  obtained  during  the  testing.  The  system 
is  illustrated  in  Figure  16. 

Thermocouples  were  placed  on  at  least  two  points  of  each  test  surface; 
one  at  the  canter  of  the  surface  and  one  within  one-half  inch  of  the  edge. 

No  significant  gradient  across  the  test  surface  was  observed  in  any  of  the  tests; 
i.e.,  the  surfaces  were  essentially  isothermal.  The  thermocouple  material  was 
copper-constantan.  All  thermocouples  were  taken  from  the  same  roll.  The 
voltages  generated  by  the  thermocouples  were  measured  with  a  Leeds  and 
Northrup  Type  8686  potentiometer  using  a  conventional  ice  junction  compensation 
system. 

The  test  procedure  consisted  of  the  following  stops: 

(1)  setting  the  predicted  power  dissipation  for  the  source  surface 

(2)  setting  estimated  guard  heat  dissipation^)  for  the  receiving 
surface(s) 

(3)  observing  the  temperature  of  the  receiver  surface(s)  and 
adjusting  the  guard  power  dissipation(a) 

(4)  when  the  receiver  surfaee(s)  and  guard  heater(e)  indicated 
a  negligible  temperature  difference  for  thirty  minutes, 

at  least  two  sets  of  data  were  recorded  within  the  next 
thirty  minutes . 

The  latter  step  insured  that  the  surfaces  were  in  equilibrium  for 
approximately  one  hour.  The  accuracy  of  the  measurements  are  estimated 
to  be: 

Temperature  difference  +,  0.1°F 

Temperature  1°F 

Total  power  dissipated  by  1.5# 

the  heat  source 

A  complete  aunmaxy  of  the  experimental  data  is  given  in  Appendix  III. 

6.2  ANALYTT'JAL  PREDICTION 

The  radiative  heat  flow  from  the  source  surface  and  the  temperature 
of  the  receiver  surface  were  predicted  by  the  analytical  methods 
baaed  upon  the  three  different  property  assumptions:  diffuse 
specular  (7),  and  the  directional  specular-diffuse  (4).  The  prediction 
served  to  test  the  utility  and  practicality  of  the  computer  program 
developed  for  this  study  (Section  5)  as  well  as  provide  a  basis  of 
comparison  between  theory  and  experiment. 

The  teat  configurations  have  been  described  in  Section  6.1  and 
illustrated  in  Figure  14.  These  three  configurations  were  combined  with 
different  surface  coatings  to  give  six  different  test  systems.  These 
systems  are  schematically  represented  in  Figure  17.  The  directional 
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"3M"  Flat  Black 
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"3M"  Flat  Black  Vacuum  Deposited 
Paint  Aluminum 

!,3M"  Flat  Black  Rinshed-Mason 
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Rinahed-  Mason  Anodized  Aluminum 
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Configuration 

(a) 

(b) 

(c) 

(c) 

(c) 

(c) 


NOTE:  The  coating  material  descriptions  are  described  in  detail  in 
Figures  18  through  21. 


Figure  17.  Experimental  Matrix  for  Test  of  Radiation  Analysis 
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reflectances  of  those  coatings  for  a  black  body  source  at  540  R  are 
shown  in  Figures  IB  through  21.  Included  in  these  figures  is  the  specular 
reflectance  for  the  same  radiation  source.  The  specular  reflectances  were 
measured  with  a  goniometric  raflectometsr  shown  in  Figure  22.  Th« 
directional  reilectances  were  measured  with  a  heated  cavity  reflectometer 
similar  to  that  described  in  Reference  11. 

The  method  of  determining  the  various  quantities  and  establishing 
the  input  for  the  comjxiter  program  has  been  described  in  Section  5*3. 

The  results  of  the  computer  calculations  are  shown  in  .able  7. 

6.3  COMPARISON  OF  EXPERIMENTAL  AND  ANALYTICAL  RESULTS 

An  examination  of  the  results  presented  in  Table  7  will  quickly 
show  one  consistent  fact;  In  e^ery  case,  the  experimentally  measured 
temperature  exceeded  the  value  predicted  by  any  of  the  analytical 
methods.  A  hasty  conclusion  would  be  that  the  experiments  were  in  error 
in  some  manner.  After  re-examining  the  experimental  technique  for  major 
errors,  nothing  sufficiently  significant  could  be  found.  Conversely, 
many  questions  can  be  raised  relative  to  the  analytical  predictions. 

Hie  following  discussion  will  be  concerned,  with  the  errors  of  prediction. 
However,  the  possibility  of  an  unrealized  source  of  error  in  the  experiments 
is  not  ruled  out. 

The  difficulties  with  the  predictions  are  believed  to  be  centered 
about  the  thermal  radiation  properties  used.  The  analyses  are  baseu 
upon  the  gray  radiation  assumption,  i.e.,  wavelength  independent 
properties.  The  source  surface  was  operated  at  approximately  585°R 
whereas  the  receiver  surfaced  ranged  between  340  and  415°R,  i.e.,  a 
difference  of  170  to  245°F.  All  propertied  used  in  the  analysis  assumed 
a  material  and  source  temDerature  of  585°R  for  emittance  and  reflectance. 

This  "non-gray"  error  would  be  particularly  noticeable  with  anodized  aluminum 
and  aluminum  paint  surfaces.  To  correct  for  this,  the  analyses  would  have 
to  be  performed  on  at  le*st  the  band  energy  basis  (4) . 

A  second  error  was  in  the  measurement  of  the  properties.  The  heated 
cavity  reflectometer  is  known  to  have  an  error  due  to  sample  heating  (11.) 

This  error  could  Is  of  the  order  of  .02-. 04  in  directional  reflectance 
(or  emittance)  and  would  affect  the  predicted  temperatures  slightly.  I+. 
would  have  a  more  direct  effect  upon  the  predicted  heat  less  by  the  source 
surface.  In  only  one  case  (Teat  5),  was  the  measured  heat  loss  lower 
than  predicted.  In  this  instance,  it  was  within  experimental  accuracy  for 
the  nearest  prediction.  The  predicted  temperatures  and  heat  fluxes  are  too 
interrelated  to  separate  them  except  as  a  first  approxi'uation.  Thus,  no 
firm  conclusion  can  be  drawn  from  this  one  case.  However',  the  problem 
of  sample  emission  is  not  considered  to  have  been  a  nmjor  source  of  the 
discrepancies  as  ju'ged  from  the  spectral  data. 

Polarisation  of  the  energy  with  the  monochromator  of  the  heated  cavity 
can  also  cause  an  error.  For  very  hi#ily  reflective  materials,  e.g., 
vacuum  deposited  aluminum,  or  smooth  dielectrics,  polarization  my  cause 
an  error  as  large  as  IX)  to  2D  percent  in  the  reflectance  at  high  angles. 
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Figure  18.  Directional  Reflectance  of  3M  Flat  black  Paint 
to  a  540°!*  Black  Body  as  a  Function  of  Angle 
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NOTE:  NO  DIFFUSE  COMPONENT 
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Figure  19.  Directional  Reflectance  of  Vacuum  Deposited  Aluminum 
to  a  5A0°R  Black  Body  as  a  Function  of  Angle 
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Figure  21.  Directional  Reflectar.ce  of  Rinshed -Mason  Leafing 

AVifldnua  Paint  to  a  ?iO°R  Black  Holy  as  a  Function 
of  Angle 
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TABLE  7 

Vr* 

SUM 

MARY  Of  RADIATION  EJCCHAJKiS  , 

ANALYSES  AND  EXPERIMENT 

Q 

•'3 

Source  Heat 

Receiver 

Quantity 

Temperature 

Btu/hr 

°R 

r;- 

■K 

Configuration 

1 

Experimental 

Directional  Specular- 

29.83 

345.2 

Diffuse  Analyeis 

29.41 

340.4 

SpaculavAscumption 

29.17 

342.2 

Diffuse  Assumption 

29.17 

342.2 

2 

Experimental 

42.50 

393.3 

f 

Directional  Specular  ■ 
Diffuse  Analysis 

42.06 

386 

Specula r-Assumpticn 

a. 2 

386.4 

Diffuse  Assumption 

41.2 

386.4 

3 

Experimental 

Directional  Specular- 

41.29 

426.2 

Diffuse  Analysis 

40.68 

419.4 

Specular-Assumption 

40.93 

412.0 

( 

Diffuse  Assumption 

39.69 

393.8 

\ 

4 

Experimental 

Directional  Specular- 

40.7 

423.5 

Diffuse  Analysis 

40.33 

415.5 

Specular-Assumption 

40.25 

408.8 

Diffuse  Assumption 

40.54 

397.4 

5 

Experimental 

Directional  Specular- 

39.93 

409.7 

Diffuse  Analysis 

40.0 

391.6 

Specular-Assumption 

40.3 

402.5 

Diffuse  Assumption 

40.2 

383.8 

6 

Experimental 

Directional  Specular- 

40.05 

398.7 

f 

Diffuse  Analysis 

39.21 

382.3 

Specular-Assumption 

39.56 

39U 

Diffuse  Assumption 

40.19 

387.9 

i  C 

£ 

* 

See  Figures  14  and  17. 
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M1,M5  SPHERICAL  MIRRORS  300  mm  f. I . 
M2,  M3,  M4  FLAT  MIRRORS 


Figure  22.  STL  Goniometric  Reflectometer 
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This  source  of  error  has  also  bean  recently  recognized  and  the  information 
required  to  assess  this  error  is  not  yet  available  for  the  monochromator 
used.  In  the  case  of  the  tests  described,  only  the  3M  flat  black  paint  will 
be  free  of  this  error. 

A  fourth  source  of  error  was  the  approximations  used  to  obtain  the 
geometrical  reflectances;  i.e.,  the  interaction  between  spatial  variation 
of  reflectance  and  the  shape  factor  integral.  The  methods  used  to 
approximate  these  properties  have  been  described  in  Section  5.3»  Until  a 
spatial  distribution  of  the  reflectance  property  of  a  number  of  surfaces 
havo  been  obtained  and  incorporated  in  the  integration  of  a  shape  factor, 
the  magritude  of  this  error  will  not  be  known.  Simple  analysis  of  an 
extreme  case  has  shown  this  to  be  as  large  as  30  percent  (4). 

Considering  all  of  these  factors  together,  plus  the  probable 
experimental  error,  leads  to  the  conclusion  that  the  predicted  temperatures 
should  oe  re-examined.  This  would  require  the  analyses  to  be  performed 
on  a  band  energy  basis  and  with  a  more  detailed  evaluation  of  tho  properties. 

The  analytical  results  given  in  Table  7  also  offer  an  opportunity  to 
compare  the  different  methods  of  analysis.  The  program  described  in 
Section  5  is  based  upon  the  method  given  in  Reference  4.  The  technique  is 
an  admitted  approximation  to  the  integral  aquations  describing  the  radiation 
exchange  within  an  enclosure.  The  other  two  methods  are  also  approximations 
in  that,  an  assumption  is  made  relative  to  the  radiation  properties,  i.e., 
nondirectional  perfectly  specular  or  perfectly  diffuse.  The  approach 
programed  to  this  study  resulted  in  a  set  of  equations  which  were  very 
similar  to  those  obtained  in  the  diffuse  approximation  and  could  be  solved 
with  a  slight  increase  in  time.  In  contrast,  an  enclosure  with  perfectly 
specular  surfaces  can  require  extensive  preliminary  calculation  to  obtain 
the  "specular  interreflections." 

Ihe  test  configurations  of  Figure  17  are  examples  of  very  simple 
enclosures  which  are  easily  solved  by  any  one  of  the  three  methods.  They 
do  not  represent  a  complex  enclosure  and  cannot  adequately  demonstrate 
the  differences  between  the  specular,  diffuse  and  directional  specular- 
diffuse  methods.  A  trend  can  be  inferred,  however.  For  example,  Test 
Configurations  1  and  2  should  yield  identical  results  for  the  specular  and 
diffuse  assumptions.  The  directional  specular-diffuse  analysis  yields 
different  results  because  the  emission  from  source  occurs  at  iargt.  angles 
from  the  normal.  The  predicted  temperature  of  the  receiver  is  higher  for 
Test  1  and  lower  for  Test  2  because  of  the  angular  effects  of  absorption. 

For  Test  3,  the  specular  analysis  is  suitable  but  does  not  account  for  the 
directional  properties.  The  diffuse  analysis  does  not  account  for  specular 
reflection  and  radiation  is  "diffusely"  reflected  back  to  the  source.  The 
directional  sp>ecular~diffuse  result  is  between  these  two.  Similar 
arguments  hold  for  Test  Configurations  4,  5,  and  6.  These  geometries  are 
more  complicated  by  the  use  of  the  alumirum  paint  and  anodized  aluminum 
which  have  directional  and/or  specular  components  of  reflection.  In  more 
complicated  enclosures,  such  a  simple  explanation  of  possible  differences 
is  not  practical.  The  only  comment  that  car.  be  made  is  that  the  directional 
sp>ecular-diffuoe  analysis  is  a  more  realistic  approximation  to  physical 
fact. 
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7.  CORRELATION  OF  COMPONENT  JOINT  EXPERIMENTAL  RESULTS 

At  the  request  of  the  Technical  Monitor,  C.  J.  Feidmanis,  an  effort' 
was  made  to  correlate  the  experimentally  measured  values  of  joint 
conduction.  This  work  was  a  substitute  for  the  completion  of  the 
preliminary  design  task  originally  scheduled  for  the  last  portion  of  the 
program.  This  correlation  effort  has  resulted  in  a  simplified  approach 
based  on  the  conduction  flow  pattern  to  a  circular  cavity (region  of  the 
bolts)  in  the  mating  parts.  For  the  thin  plates  in  the  component  mounting 
joints,  the  conduction  at  the  bolts  was  very  high  and  the  apparent 
contact  area  small.  This  led  to  the  conclusion  that  macroscopic  effects 
were  of  the  greatest  significance. 

A  review  of  the  technical  literature  revealed  little  information 
that  would  be  useful  in  predicting  interface  conductance  for  the  bolted 
joints  of  this  study.  A  subsequent  study  of  the  pressure  distribution 
indicated  that  the  apparent  contact  area  occupies  only  to  a  small  region 
near  the  bolts,  This  suggested  that  the  predominant  thermal  resistance 
lies  in  the  mating  plates  themselves.  This  correlation  effort  has 
resulted  in  a  simplified  expression  for  the  interface  conductance  based 
on  the  heat  flow  pattern  in  a  large_  circular  region  to  a  circular  sink 
at  the  center.  These  comments  apply  specifically  to  the  mounting 
plate  configuration  investigated  in  this  study. 

7.1  REVIEW  OF  LITERATURE 

A  review  of  technical  literature  reveals  that  the  study  of  vacuum  thermal 
contact  resistance  is  of  recent  vintage.  Past  emphasis  has  been  upon 
joints  in  a  conducting  fluid;  e.g. ,  air.  This  is  not  surprising  since 
the  need  for  information  on  the  behavior  of  heat  flow  through  connecting 
elements  in  a  vacuum  was  not  great  until  the  advent  of  satellites.  An 
excellent  review  of  technical  literature  ic  contained  in  Reference  12  and 
a  bibliography  on  contact  conductance  is  contair.sd  in  Reference  13; 

Appendix  V  list  references  that  are  not  reported  in  Reference  13. 

As  background  to  the  correlation  to  be  presented,  two  well  known 
methods  that  have  been  proposed  will  be  cited.  The  applicability  (or 
lack  of  it)  to  the  type  of  Joints  considered  in  the  present  study  will  be 
indicated. 

Fenech  and  Rohsenow  (14)  developed  an  expression  for  the  thermal 
conductance  of  a  mathematical  model  with  contacting  surfaces  idealized 
as  cylindrical  contacts  equ^ly  spaced  in  a  triangular  array.  The  thermal 
conductance  was  expressed  in  terms  of  tho  thermal  conductivity  of  the 
metals  and  of  the  fluids  of  filling  the  voids,  the  read  area  in  contact, 
the  number  of  contact  points  per  unit  area,  and  the  volume  average  thick¬ 
ness  of  the  void  gape.  A  method  of  obtaining  these  physical  properties  of 
a  contact,  is  contained  in  Reference  15.  The  need  foe  the  profiles  of  the 
contacting  surfaces  precluded  the  examination  of  this  method. 
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While  most  investigators  were  concerned  with  microscopic  areas  of 
contacts  (those  due  to  surface  finish),  Clausing  and  Chao  (12)  concluded 
that  macroscopic  resistances  (that  due  to  large  scale  waviness  or  non¬ 
flatness)  was  predominant  over  the  microscopic  resistance  for  a  majority 
of  engineering  surfaces.  The  Interface  conductance  was  expressed  in  terms 
of  the  mean  thermal  conductivity  of  the  two  contacting  materials,  the 
radius  of  the  macroscopic  constriction  ratio,  the  contact  pressure,  the 
macroscopic  constriction  ratio,  the  harmonic  mean  of  the  moduli  of  the 
two-contacting  materials,  and  the  total  equivalent  flatness  deviation. 

This  method  requires  the  measurement  of  flatness  deviation  and  surface 
finish;  the  latter  is  readily  obtained,  but  the  former  is  more  difficult 
to  measure.  This  method  was  not  applied  since  subsequent  studies  showed 
that  the  apparent  contact  area  (the  region  adjacent  to  the  bolts)  represents 
only  a  small  percent  of  the  total  joint  area.  However,  the  concept  of 
constrictive  heat  flow  is  employed  in  the  present  study,  except  that  it  is 
applied  in  a  much  larger,  gross  scale.  The  method  is  discussed  below. 

The  two  methods  discussed  above  considered  a  physical  system  without 
a  disruptive  element  such  as  a  bolt.  Intuitively,  the  influence  of 
fasteners  should  be  great.  An  attempt  at  correlating  joint  conductance 
data  i3  reported  in  Reference  16,  and  the  resultant  expression  is  seml- 
empirical.  The  method  employed  in  the  present  study  is  semi-analytical 
and  the  close  correlation  with  experimental  results  strongly  suggests  that 
the  governing  resistance  is  centered  In  the  plate  itself;  at  least  for  the 
type  of  joints  considered  here.  The  analytical  method  is  discussed  below. 

7.2  ANALYTICAL  DEVELOPMENT 

The  correlation  of  Joint  conductance  data  was  limited  to  the  component 
joint  configurations.  An  anlytical  model  was  postulated  based  on  the  work 
done  by  previous  workers,  experimental  data  and  engineering  judgement. 

The  basic  concept  of  the  proposed  method  is  that  the  controlling  thermal 
resistance  is  the  plate.  It  is  postulated  that  the  points  of  contact 
which  contribute  to  the  conductance  are  in  the  small  region  under  and 
around  the  bolts.  The  problem  is  then  to  describe  the  heat  flow  in  the 
plate  to  the  bolt  area.  Two  mathematical  models  were  employed  for  this 
purpose. 

7.2.1  ANALYTICAL  MODEL  I 

The  first  model  is  shown  in  Figure  23(a).  It  is  a  disc  with 
uniform  heat  flux  over  its  surface  and  conduction  to  a  central  area  at  a 
constant  temperature.  The  outside  surface  (r  *=  R)  is  assumed  to  be 
insulated.  This  model  is  used  to  describe  heat  flow  in  a  joint  with  only 
a  few  bolts  in  relation  to  the  total  area. 


For  an  incremental  volume  at  radius  r,  a  heat  balance  yields, 


with  boundary  conditions: 


at  r  =  H,  4^  =  0  (insulated)  and 


dr 

at  r  ■  R0,  T  «  Tq 


Hence, 


•  To  '  T  =  Ht  4  (l’2~Ro2)  +  I  R<  ^ 
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Now  let  |  *  "Hi  jj”  =  \ 

O  Tj 
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The  conductance  of  one  plate  is: 
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Substituting  AT  from  Equation  7-4  and  changing  the  limits  of 
integration  gives: 


h  = 


QttR4 
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Integrating  and  substituting  the  limits  yields 


h  = 


act 

R2 
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The  bracketed  term  of  Equation  7-7  is  plotted  in  Figure  24  and  the 
conductance  versus  radius  for  several  effective  contact  radius  values  is 
shown  in  Figure  25. 

7.2.2  ANALYTICAL  MODEL  II 


The  conductance  of  one  plate  is: 
h  * 


QnR20 
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j  (T-Tq)  2rrrdr 


Substituting  AT  from  Equation  7-9  and  integrating  gives: 

h  - 
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The  model  which  can  be  applied  to  a  system  having  contact  around  the 
periphery  is  shown  in  Figure  23(b).  The  equation  for  this  system  is: 


The  boundary  conditions  are: 

r  =  0,  T  is  finite 

r  *  R  ,  T  «  T 
o’  o 

Solution  of  Equation  7-8  yields, 

T  -  T  »  -2 —  r 
1  Lo  4k  t  o  r 
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This  equation  is  plotted  in  Figure  26. 
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Fifure  26.  The  Thei Conductance  of  a  Peripheral  Contact 
Junction  for  an  Aliadma  Plate  l/l5th  Inch  Thick 


7.2.3  CONTACT  REGION  AROUND  A  BOLT 


The  contact  area  and  conductance  of  a  bolt  is  based  on  the 
deformation  of  the  plates  under  bolt  head.  The  method  used  to  determine 
this  quantity  is  that  presented  in  reference  (17).  The  analysis 
given  by  thi3  reference  assumes  a  uniform  loading  over  the  bolt  area. 

The  resultant  stress  distribution  is  shown  in  Figure  2r'  and  can  be 
expressed  as  (Equation  56,  Reference  17): 

, [(c/a)2  -1 

^  =  1  -  (f)  7-12 

PP 

'hie  quantity  c  is  dependent  upon  the  bolt  diameter,  a,  and  the  plate 

thickness,  r.  For  a  1/16 -inch  plate  in  contact  with  a  l/8-inch  plate, 
the  effective  contact  radius,  c,  is  given  by  Reference  17  as  1.35a. 

The  pressure  under  the  bolt  must,  be  computed  for  use  in  the  above 
expression.  The  tensile  load  in  a  bolt  oorqued  to  a  preset  value  is 
determined  from  the  approximate  relation  given  in  Reference  18. 

T  =  j.20  Fd.  7-13 

where 

T  *  bolt  torque,  24  in. -lb* 

F  *  tensile  load,  lb. 
d  *  major  thread  dia.  =  .190  in. 
or 

F  -  630  lb. 

This  value  is  conservative  for  "die  present  application;  that  is, 
it  yields  a  lowqr  conductance  than  values  glvon  by  other  references. 

Aron  and  Colombo  (16),  for  example,  use  a  vaiuo  of  800  lb.  fo*-  22  in. -lb. 
torque  In  the  same  size  bolt. 

The  bolt  (NAS  563)  has  a  measured  bearing  diameter  of  0.344  inches 
and  the  nut  (NAS  671)  has  a  measured  bearing  diametnr  of  0.312  inches. 

The  area  under  the  nut  was  used  to  obtain  the  pressure,  assuming  uniform 
loading  fop  •  }) 

p  .  I  „  63b ^b-?  '  13,450  lb/ in2  7-14 

A  .0468  in 

This  result  was  used  with  Equation  7-12  to  obtain  the  pressure 
distribution  and  conductance  a*.  the  bolt.  The  solution  of  Equation  7-12 
for  (?t. using  the  results  cf  Equation  7-x4,  are  plotted  in  Figure  29.  The 

preeeure  distribution  was  used  by  diviiing  the  area  into  annular  zones 
and  evaluating  each  tone  to  estimate  its  conductance.  The  numerical 
values  were  obtained  fro as  the  conductance  versus  pressure  plot  given  in 
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Figure  27.  Sfress  Distribution  in  a  Be] ted  Plats  for  Uniform  Bolt  Pressure 
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Figure  <c&.  The  Pressure  Distribution  Under  the  Nut  of  a  Bolted 
Plate  Accordi.ig  to  Equation  7-12 


Figure  6 -j  of  Reference  19*  labeled  "Best  line  through  moot  of  the 
Aluminum  (II)  Data-Vacuum. "  Ihe  results  of  this  calculation  yield 

n  q 

a  conductance  through  the  bolt  of  21,000^?tu/hr  ft*-  F.  This  can  be 
compared  to  the  value  of  10,000  Btu/hr  ft  °F  calculated  in  Reference  19 
for  a  No.  10  bolt  tightened  to  22  in. torque.  Ihe  area  under  the  bolt 
in  Reference  19  is  given  as  0.33  inches^  (a  washer  was  used  in  Reference  19). 
The  contact  area  under  the  bolt  in  the  present  study  was  0.12  in.  .  Thus,  the 
thermal  resistance  of  the  two  bolts  can  be  compared: 


Present  Study: 

1  °F  hr 

H  t  -  ‘°575  “fro 

Reference  (3) 

R  *  k  -  ^  w 


7.3  APPLICATION  TO  TEST  CONFIGURATIONS 


'uree  component  test  configurations  were  min  vrith  fewer  than  the 
normal  12  bolt?  to  evaluate  bolt  spacing  effectiveness.  These  test?  were 
in  addition  to  those  reported  in  Section  3-J-*  These  configurations  are 
shown  in  Figure  29  (a,  b,  and  c).  ’Ihe  sample  size  was  6  inches  by  6  inches, 
the  upper  plate  thickness  was  l/16  inch,  and  the  mounting  plate  was  1/8 
inch  thick.  The  bolt  torque  was  24  in.  lb.  for  all  cases. 

Configuration  29-a  was  divided  into  four  equal  areas  for  purposes 
cf  analytical  correlation.  Each  triangular  section  was  assumed  to  be 
deformed  into  a  semicircular  shape  of  the  same  area  and  having  a  contact 
region  at  the  center.  The  radius  of  the  segment  is  then  2.38  in.,  and 
the  bolt  contact  area,  now  sanici.  cular,  has  an  effective  radius  of  0.311  in. 
These  dimensions  were  substituted  in  the  squatiors  described  in  Section  7.2.1. 
Ine  resulting  conductance  of  the  upper  plate  was  found  to  be:  h-^  =  18. 3 

BtuA  :i2  °F. 


The  conductance  of  the  lower  plate  will  be  computed  using  the  same 
analytical  procedure.  Since  the  heat  removal  from  tie  lower  plate  is  not 
as  uniform  as  heat  supplied  to  the  upper  plate,  the  analytical  model  is 
now  a  poorer  approximation  of  the  real  system.  The  results  were  used  as 
an  approximation  sinco  an  analytical  solution  of  the  real  heat  flow  in  this 
plate  would  be  a  lengthy  task.  Applying  this  method  to  the  lower  plate, 
which  has  a  thickness  twice  that  of  the  uppor  plate,  results  in 

^2  =  36.6  Bt'Vhr  ft**  °F.  These  two  plate  thermal  conuuctances  must  be  combir 
with  the  bolt  thermal  conductance.  The  thermal  circuit  for  this  system  is: 


*3.  '  qq 


R„  3  rt- 
2  n2^2 


“B  j  Vb 


-WV 


Figure  30.  Thermal  Circuit  for  Calculating  Overaxl  Tl’.jrmai  Conductance 


'K 


The  overall  conductance  ie  given  by: 


1 _ 1_ 

hA  h1A1 


h2*2 


Substituting  the  values  gives: 


1_ 

hA 


18.3 


21,000  /.I2x 

v  i  i.i.  / 


36.6  ,2 _ ) 

l144; 


.874  +  -057  +  .437 

- — q  =  n.7  Btu/hr  ft2  °F 

1*368(^) 

Applying  this  technique  to  Configuration  29-b,  the  comer  bolts  were 
close  together  and  were  lumped  together  to  form  a  quarter  circular  area 
having  an  effective  radius  of  0.622  inches.  The  analytical  method 
of  Section  7.2.1  and  thermal  circuit  substitutions  yield  an  overall 
conductance  of  h  =  8.0  Btu/hr  ft*  °F. 

Configuration  29-c  wa^  divided  by  allotting  to  each  comer  bolt  a  2 
hemicircular  area  of  4  in.*“  and  each  center  bolt  a  quarter  circle  of  5  in.  • 
Using  the  same  technique  &3  above,  the  thermal  circuit  gave: 

h  =  22.0  Btu/hr  ft*  °F. 

The  twelve-bolt  configuration  was  analyzed  in  the  same  manner  by  dividing 
this  area  into  eight  equal  area  segments  as  shown  in  Figure  29-d.  The 
re3ult  was: 

h  =  26.7  Btu/hr  ft2  °F. 

The  6  inch  by  12  inch  component  configuration  can  be  approached  using 
+he  same  technique  by  dividing  the  area  into  eight  hemici. rular  sectors2 
i  d  four  quarter  circular  sectors  each  with  an  effective  ar.a  of  6  inch  . 
Sfuilarly  the  12  by  12  configuration  was  divided  into  twelve  hendcirclee 
ano  four  quarter  circlea  of  equal  area,  9  inch*.  The  reeults  for  these 
six  configurations  are  shown  in  liable  8. 

The  6  inch  by  6  inch,  12  bolt  and  12  Inch  by  12  inch,  24  bolt 
configurations  can  also  be  predicted  using  the  method  described  in 
Section  7.2.2.  An  effective  radius  baaed  on  the  plate  area  was  used  in 
Equation  7-11.  The  results  are  also  given  in  Table  8.  The  results  of 
these  correlation  attempts  are  camp**--!  to  the  measured  values  in  Table  8. 

The  agreement  is  adequate  in  all  cases  except  29-b  where  the  predicted 
value  is  a  little  more  uhan  half  of  the  measured  conductance.  In  spite  of 
this,  the  success  of  the  technique  ie  quite  satisfactory.  Further 
exploitation  should  bo  made  of  the  approach  described  here.  The  reeults 
have  been  restricted  to  a  bolted  thin  plate  without  a  filler  material. 
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EXPERIMENTAL  SYSTEMS 
AND 

ANALYTICAL  APPROXIMATIONS 
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Figure  29.  Method  of  Subdividing  the  Test  Configurations  to 
Predict  Overall  Thermal  Conductance 
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TABLE  8 

COMPARISON  OF  PREDICTED  AND  MEASURED  COMPONENT  JOINT  CONDUCTANCES 


Experimental 

Method  I  (Sec.07.2.i) 

Method  II  (S> 

Configuration 

h,  BTIl/hr  ft2  °F 

h,  BTD/hr  ft2  °F 

h,  BTU/hr 

29-a 

13-4 

11.7 

29-b 

13.7 

8.0 

29-c 

22.0 

22.0 

29 -d 

6x6,  12  bolts 

26.3 

26.7 

?9 

6  x  12,  18  bolts 

18.5 

18.1 

.2  x  12,  24  bolts 

8.3 

10.5 

7.8 

7.2.2) 

°F 


( 


An  attempt  should  be  made  to  extend  this  to  thick  plates  with  snd  without 
a  filler  and  to  thin  plates  with  a  filler. 


Ik 
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8.  CONCLUSIONS  AND  RECOHOfDA TICNS 


( 


This  report  preaents  the  results  of  the  first  phase  of  a  program 
designed  to  improve  the  prediction  of  spacecraft  thermal  performance. 

The  information  necessary  for  the  comparison  of  prediction  and  test  of  a 
sj^cecraft  model  has  been  gathered.  The  continuation  of  the  program  to  this 
natural  conclusion  is  the  second  phase  of  the  study.  Ihere  has  been  no 
decrease  in  the  practical  needs  for  this  continuation  and  it  is  important 
to  complete  this  program. 

There  have  been  several  developments  within  this  program  which 
warrant  further  study.  The  first  is  the  extension  of  the  joint  conductance 
testing  to  include  a  larger  number  of  joint  types.  The  techniques  which 
have  been  developed  in  this  program  for  experimentally  measuring  the 
conductance  of  practical  joints  have  proven  to  be  very  simple  and  inexpensive. 
The  accuracy  which  is  obtained  is  adequate  for  such  joints  and  is  a 
satisfactory  compromise  with  the  cost  of  such  experimentation.  The  Joints 
for  this  additional  work  should  not  be  chosen  on  the  basis  of  a  thermal  test 
model  but  selected  for  the  frequency  with  which  they  are  used  in  actual 
practice,  e.g.,  riveted  Joints,  low  conductance  joints,  etc. 

The  practical  correlation  of  joint  conductances  should  also  be  continued. 
The  correlation  for  the  thin  plate  unfilled  component  Joints  was  obtained  by 
assuming  the  primary  resistance  to  heat  flow  was  in  the  thin  plates.  This 
primary  resistance  was  found  to  be  adequately  described  by  radial  in  the 
region  surrounding  each  bolt  fastener.  The  success  with  which  the  component 
Joints  were  correlated  by  this  procedure  was  very  encouraging.  The  limitations 
of  time  and  resources  did  not  allow  a  similar  attmapt  to  be  made  to 
correlate  filled  Joints  or  structural  Joint*.  However,  such  a  correlation 
is  believed  to  be  feasible.  This  woifc  could  be  Included  in  the  second  phase 
of  the  program;  correlation  of  other  test  Joints  would  be  performed  as  part  of 
the  experimental  work  described  above  or  as  a  separate  study.  Regardless  of 
the  mechanism  chosen  for  performing  this  correlation,  this  work  should  be 
continued  and  extended. 

The  application  of  the  directional  specular-diffuse  method  of  analysis  has 
Indicated  a  major  gap  in  our  knowledge  of  thermal  radiation  properties.  A 
critical  part  of  this  method  is  the  separation  of  the  thermal  radiation  proper¬ 
ties  into  the  diffuse  and  specular  components.  Additional  experimental  and 
analytical  work  is  required  to  develop  a  basis  for  this  eepe~»tion  from 
measurements  of  the  directional  and  specular  reflectances.  Such  a  study 
should  include  an  examination  of  the  geometrical  reflectances  (and  emlttancee) 
relative  to  the  distribution  of  reflectsd  (and  emitted)  radiation. 

Although  the  comparisons  of  predicted  and  experimental  radiation  exchange 
in  the  simple  geometries  were  close,  further  refinement  of  the  predictions 
are  desired.  This  problem  is  related  in  part  to  the  separation  of  the  diffuse 
and  specular  component*  discussed  above.  The  effect  of  non-gray  radiation 
properties  is  probably  of  equal  or  greater  importance.  Further  study  1l 
needed  for  the  improvement  of  the  predicted  tempers tu ree  and  heat  fluxes, 
e.g.,  a  prediction  using  the  band  miergjr  method. 
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In  conclusion,  the  objectives  of  the  first  phase  of  the  program  have 
been  satisfied;  i.e.,  the  data  and  methods  required  to  compare  the 
predicted  and  test  thermal  performance  of  a  model  spacecraft  have  been 
developed.  Other  areas  for  further  study  have  also  been  found: 

(1)  practical  joint  conductance  measurements 

(2)  correlation  of  measured  joint  conductances 

(3)  tve  separation  of  radiation  properties  into  diffuse  and 
specular  components  for  the  directional  specular-diffuse 
analysis 

t)  the  importance  of  the  non-gray  property  assumption 

The  development  of  additional  problems  is  to  be  expected  in  a  study  of  this 
nature.  The  second  phase  of  the  program  should  be  expected  to  raise  its 
own  share  of  new  problems . 
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APPENDIX  I 

EXPERIMENTAL  DATA  — COMPONENT  JOINTS 
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The  experimental  data  for  the  6  x  6  component  joint  is  listed  in 
Table  9  of  this  appendix.  The  thermocouple  locations  are  shown  on  the 
full  size  drawing  of  Figure  31.  In  addition  to  these  thermocouples, 
thermocouoles  were  placed  in  the  cooling  water  inlet  and  outlet  lines. 

These  ar*  absolute  thermocouples  No.  3  and  4  respectively.  The  approxi¬ 
mate  cooling  water  flow  rate  was  also  recorded,  but  varied  as  the  water 
pressure  fluctuated.  The  heater  voltage  and  current  are  also  recorded. 

Figure  31  also  illustrates  the  zones  which  wre  rsed  in  computing 
the  ?  rea  weighted  temperature  difference.  A  sample  calculation  for 
run  T,o.  1  is  as  follows: 


*V 

1.02  +  1.  04  +  0.  80  +  0.  77  _  „  n} 

4 

»V 

1.98  °F 

*v 

2.50  +  4.  11  +  2.57  _  3  Af  oF 

6-  29  +  —  r  6.41  °F 

These 

average 

AT’s  are  for  each  zone,  obtained 

by  averaging 

the 

differential  thermocc 

uple  readings  in  earh  zone.  The 

overall 

AT  is 

now 

computed  by 

area  we 

ighting  these  values. 

*tm- 

% 

g)AT 

*tm  = 

^l(0.91)  +  -7-^(1.9b)+-^2- 

(3.  06)  + 

6.  25 

~W 

(6.41) 

atm“ 

0.229  +  0.412  +  l.  121  +1.11 

*tm* 

2.  872°F 

Q  =  3.702  (C.  1314)  =  4.861  watts 
IN 

=16,6  Btu/hr 


00 


v  -  Q 
"  aatm 

16.  6  Btu/hr 
1/4  ft2  2.  872°F 

h  =  23.  1  Btu/hr  ft2  °f 

The  experimental  data  for  ihe  6  inch  x  12  inch  anc.  12  inch  x  12  inch 
component  joint*  are  given  in  Tables  10  and  li,  respectively,  cf  this 
appendix.  The  thermocouple  locations  and  temperature  weighting  zones 
are  shewn  in  Figures  32  and  33  for  these  two  experiment.il  configurations. 

Differential  thermocouples  are  located  at  the  same  (x,  y)  coordinates 
on  the  back  of  the  mounting  plate  and  the  component  plate  at  the  locations 
shown  on  Figures  31,  32  and  33. 

The  conductance  iB  calculated  using  the  following  equation: 

h  „  Q 

The  area  used  in  this  calculation  is  the  contact  area  of  the  mating  parts. 
For  the  structural  joints,  this  was  the  overlap  area  between  the  angle 
bracket  and  the  panel.  The  AT  is  an  area  weighted  average  which  is  deter¬ 
mined  by  the  method  explained  in  above. 
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6"  x  6"  COMPONENT  THERMOCOUPLE  LOCATION 
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Figure  31.  6"  x  6”  Component  Joint  Thermocouple  Location 
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6"  x  12"  COMPONENT  THERMOCOUPLE  LOCATION 
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Figure  32.  6"  x  12”  Component  Joint  Thtcnocouple  Location 
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12"  x  12"  COMPONENT  THEi  40C0UPLE  LOCATION 
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Figure  33.  12"  x  12"  Component  Joint  Thermocouple  Location 


Table  9.  Experimental  Data  —  6  by  6  Inch  Comuom  nt  Joint** 


Run  No. 

1 

2 

3 

4 

5 

Date 

10/26/64 

10/26/64 

10/26/04 

10/26/64 

10/27/64 

Pressure,  Torr 

6  x  10'7 

6  x  10"7 

6xl0“7 

6  x  10 

5  x  IQ'7 

Absolute  T.  C. 

1  -  °F 

85.7 

95.3 

107.  1 

119.0 

85.  3 

2  -  °F 

80.2 

85.6 

9l.o 

97.8 

79.8 

3  -  °F 

74.0 

74.  5 

74.  5 

74.  3 

73.8 

4  -  °F 

74.  1 

74.8 

75.0 

75.0 

74.0 

Differential  T.  C. 

1  -  °F 

6.  53 

11.78 

18.28 

24.72 

6.  72 

2  -  °F 

6.29 

11.38 

17.60 

23.78 

6.48 

3  -  °F 

2.  50 

4.  56 

7.25 

9.85 

2.  52 

4  -  °F 

4.  11 

7.06 

10.95 

14.90 

4.05 

5  -  °F 

2.57 

4.64 

7.25 

9.81 

2.63 

6  -  °F 

1.02 

1.81 

2.81 

3.81 

1.02 

7  -  °F 

1.98 

3.52 

5.46 

7.40 

2.00 

8  -  °F 

1.04 

1.88 

2.92 

3.96 

1.07 

9  -  °F 

0.80 

1.41 

2.  19 

2.97 

0.81 

10  -  °F 

0.77 

1.31 

2.04 

2.77 

0.74 

Voltage,  volts 

37.02 

49.31 

61.  54 

72.04 

36.99 

Current,  amps 

0. 1314 

0. 1750 

0.2185 

0.2560 

0. 1313 

Water  Flow,  ml/min 

725 

650 

650 

650 

575 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

’*one 

None 

None 

None 

None 

Sample  Number 

1 

1 

1 

1 

1 

Number  of  Bolts 

12 

12 

12 

12 

12 

h.  Btu/hr  ft2  °F 

23.1 

22.9 

23.0 

22.3 

22.8 
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Table  9.  Experimental  Data-6  by  6  Inch  Component  J  oints  (Continued) 


Run  Numbe  r 

b 

7 

8 

9 

10 

Date 

10/27/64 

10/27/64 

10/27/64 

10/28/64 

10/28/64 

Pressure,  Torr 

5  x  10'7 

5  x  10’7 

5  x  10'7 

6  x  10'7 

7  x  iO-7 

Absolute  T.  C. 

1  -  °F 

95,  1 

107.  5 

118.  5 

105.  5 

117.  5 

2  -  °F 

85,2 

92.3 

97.3 

89.9 

102.  3 

3  -  °F 

74.  1 

74.3 

73  3 

73.  2 

74.7 

i 

o 

*1 

74.  5 

75.0 

74.  1 

73.6 

89-  1 

Differential  T.  C. 

1  -  °F 

11.78 

18.30 

24.72 

18.27 

18.68 

1 

o 

*1 

11.31 

17.65 

23.89 

17.68 

17.82 

1 

o 

4.48 

7.  25 

9.85 

7.22 

7.95 

4  -  °F 

7.03 

10.95 

14.88 

10.90 

11.  32 

5  -  °F 

4.60 

7.  50 

9.79 

7.  19 

7.44 

6  -  °F 

1.78 

2.77 

3.77 

2.78 

2.  53 

1 

o 

*1 

3.50 

5.45 

7.  37 

5.  50 

5.04 

t'A 

0 

1 

00 

1.86 

2.92 

3.96 

2.94 

2.87 

9  -  °F 

1.40 

2.  16 

2.94 

2.  19 

2.00 

10  -  °F 

1.  30 

2.00 

2.  71 

2.02 

1.82 

Voltage,  volts 

49.  ’3 

61.54 

72.02 

61.  53 

61.  52 

Current,  amps 

0.  1751 

0.2185 

0.2559 

0.2185 

0.  2165 

Water  Flow,  ml/ min 

525 

525 

525 

1175 

21 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

None 

None 

None 

None 

None 

Sample  Number 

1 

1 

1 

1 

1 

Number  of  Bolt* 

12 

12 

12 

12 

12 

h,  Btu/hr  ft2  °F 

23.2 

22.9 

23.  1 

23.0 

22.8 

86 


Table  9.  Experimental  Data  —  6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

11 

12 

13 

14 

15 

Date 

10/29/64 

10/29/64 

10/29/64 

10/29/64 

10/30/64 

Pressure,  Torr 

7  x  10'7 

7  x  10'7 

7  x  10'7 

7  x  10'7 

5  x  10‘7 

Absolute  T.  C. 

1  -  °F 

85.0 

94.2 

105.7 

117.8 

84.8 

2  -  °F 

79.8 

84.9 

91.9 

97.  5 

79.  5 

(X 

O 

i 

73.8 

73.9 

73.7 

73.6 

73.6 

4  -  °F 

74.0 

74.3 

74.3 

74.4 

73.6 

Differential  T.  C. 

1  -  °F 

6.22 

10.90 

17.20 

23.  37 

6.27 

2  -  °F 

5.88 

10.29 

16.30 

22.  10 

5.93 

lx 

O 

i 

2.23 

4.02 

6.62 

9.  10 

2.90 

4  -  °F 

3.88 

6.74 

10.52 

14.31 

3.  90 

5  -  °F 

2.45 

4.30 

6.80 

9.30 

2.  55 

6  -  °F 

0.62 

1.  10 

1.73 

2.  32 

0.68 

7  -  °F 

1.83 

3.21 

5.04 

6.81 

1.84 

8  -  °F 

0.91 

1.61 

2.  57 

3.  50 

0.95 

9  -  °r 

0.66 

1. 19 

1.87 

2.  53 

0.70 

© 

< 

o 

0.74 

1.  31 

2.04 

2.73 

0.79 

Voltage,  volts 

37.00 

49.32 

61.  54 

72.02 

37.0 

Current,  amps 

0. 1313 

0. 1751 

0.2185 

0.2559 

0. 1313 

Water  Flow,  ml /min 

525 

550 

550 

550 

500 

Bolt  Torque,  In -lb 

30 

30 

30 

30 

18 

Filler 

None 

None 

None 

None 

None 

Sample  Number 

1 

1 

1 

1 

1 

Number  of  Bolts 

12 

12 

!  2 

12 

12 

h,  Btu/hr  ft^  °F 

25.0 

25.2 

24.8 

25.0 

23.9 

87 


Table  9.  Experimental  Data-  -6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

16 

17 

18 

19 

20 

Date 

1C/30/64 

11/2/64 

11/2/64 

11/2/64 

11/2/64 

p-essure,  Torr 

Absolute  T.  C. 

5  x  10'7 

6  x  10'7 

6  x  IQ’7 

6  x  10‘7 

6  x  IQ'7 

1  -  °F 

91.  1 

81.  5 

88.4 

96.  1 

104.5 

2  -°F 

64.8 

78.9 

64.0 

88.9 

94.7 

3  -  °F 

73.7 

73.2 

73.6 

73.4 

0.891 

4  -  °F 

74.  1 

73.4 

73.9 

73.9 

Differential  T.  C. 

1  -  CF 

10.99 

2.20 

3.76 

5.76 

7.83 

2  -°F 

10.34 

2.25 

3.87 

5.94 

8.05 

3  -  °F 

4.  10 

0.50 

0.83 

1.27 

1.73 

4  -  °F 

6.76 

1.49 

2.50 

3.90 

5.27 

5  -  °F 

4.46 

0.43 

0.72 

1.  11 

1.  52 

6  -  °F 

1.  19 

0.27 

0.47 

0.71 

0.98 

7  -  °F 

3.21 

0.52 

0.93 

1.26 

1.71 

8  -  °F 

1.67 

0.  15 

0.25 

0.  38 

0.53 

9  -  °F 

1.24 

0.28 

0.44 

0.67 

0.91 

© 

■ 

o 

**1 

1.38 

0.45 

0.73 

1.  11 

1.49 

Voltage,  volts 

49.  3C 

37. 00 

49.34 

61.50 

72.04 

Current,  amps 

0.  1750 

0.  1313 

0.  1751 

0.2183 

0.2558 

Water  Flow,  ml/min 

525 

600 

600 

600 

600 

Bolt  Torque,  in -lb 

18 

24 

24 

24 

24 

Filler 

None 

RTV  11 

RTV  11 

RTV  11 

RTV  11 

Sample  Number 

1 

1 

1 

1 

1 

Number  of  Bolts 

12 

12 

12 

12 

12 

b.  Btu/hr  ft2  °F 

24.6 

76.9 

81.  5 

82.5 

83.2 

88 


Table  9.  Experimental  Data  —  6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

21 

22 

23 

24 

25 

Date 

11/6/64 

11/6/64 

11/9/64 

11/9/64 

11/9/64 

Press"-,,e,  Torr. 

8  x  10'7 

8  x  10'7 

9  x  10'7 

9  x  10’7 

9  x  IQ'7 

Absolute  T.  C. 

1  -  °F 

81.4 

91.0 

33.7 

86.8 

95.  5 

2  -  °F 

76.0 

80.2 

74.2 

77.  5 

80.9 

W 

1 

o 

73.3 

73.8 

70.9 

71.7 

72.  1 

4  -  °F 

73.4 

74.1 

71.  1 

72.  1 

72.  5 

Differential  T.  C. 

1  -  °F 

5.76 

11.60 

5.69 

9.82 

15.25 

2  -  °F 

5.  11 

10.29 

5.06 

8.71 

13.56 

3  -  °F 

2.88 

5.85 

2.87 

4.92 

7.65 

4  -  °F 

2.29 

4.62 

2.23 

3.82 

5.96 

5  -  °F 

0.65 

1.32 

0.45 

0.76 

1.  18 

6  -  °F 

1.36 

2.76 

1.26 

2.  17 

3.38 

7  -  °F 

0.95 

1.97 

0.91 

1.55 

2.44 

8  -  °F 

0.48 

1.02 

0.44 

0.74 

1.  17 

9  -  °F 

10  -  °F 

Voltage,  volts 

37.03 

53.01 

37.01 

49.33 

61.  53 

Current,  amps 

0.  1315 

0. 1883 

0. 1314 

0. 1752 

0.2186 

Water  Flow,  ml/min 

1300 

675 

575 

575 

575 

Bolt  Torque,  in -lb 

12 

12 

24 

24 

24 

Filler 

None 

None 

None 

None 

None 

Sample  Humber 

2 

2 

2 

2 

2 

Number  of  Bolts 

12 

12 

12 

12 

12 

h,  Btu/hr  ft2  °F 

24.7 

28.5 

29.  1 

30.  1 

30.  1 

89 


Table  9.  Experimental  Data  —  6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

26 

27 

28 

29 

30 

Date 

11/9/64 

11/10/64 

11/13/64 

11/17/64 

11/17/64 

Pressure,  Torr. 

9  x  10"7 

1  x  10'6 

1  x  10"6 

1  x  10"6 

1  x  10‘6 

Absolute  T.  C. 

1  -  °F 

104.7 

83.2 

81.2 

71.6 

75.7 

1 

o 

84.  5 

77.4 

75.4 

69.0 

70.  9 

3  -  °F 

72.  1 

70.  8 

69.  9 

66.0 

70.9 

4  -  °F 

73.0 

71.  3 

70.4 

66. 4 

66.5 

Differential  T.  C. 

1  -  °F 

20.93 

11.30 

3.  78 

1.80 

3.08 

2  -  °F 

18.57 

10.09 

3.  38 

1.61 

2.76 

3  -  °F 

10.  51 

5.74 

1.  38 

0.63 

1.  lx 

4  -  °F 

8.  19 

4.  50 

0.  72 

0.  31 

0.58 

5  -  °F 

1.63 

0.84 

0.29 

0.21 

0.  36 

6  -  °F 

4.62 

2.  54 

0.20 

0.091 

0.20 

7  -  °F 

3.34 

1.78 

0.26 

0.095 

0.20 

8  -  °F 

1.63 

0.89 

0.  26 

0.091 

0.27 

9  -  °F 

10  -  °F 

Voltage,  volts 

72.03 

53.01 

53.03 

37.02 

49.  31 

Current,  amps 

0.2560 

0.  1883 

0.  1883 

0.  1314 

0. 1751 

Water  Flew,  mi/min 

575 

575 

575 

625 

600 

Bolt  Torque,  in -lb 

24 

30 

12 

24 

2; 

Filler 

None 

None 

RTV  11 

RTV  11 

RTV  11 

Sample  Number 

2 

2 

2 

■y 

2 

Number  of  Bolts 

12 

12 

12 

12 

12 

h,  Btu/hr  ft2  °F 

30.  1 

30.0 

123.0 

128.  1 

127.0 
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Table  9.  Experimental  Data  —  6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

31 

32 

33 

34 

35 

Date 

11/17/64 

11/17/64 

11/19/64 

11/20/64 

11/23/64 

Pressure,  Torr 

1  x  10'6 

1  x  10'6 

7  x  10'7 

1  x  10'6 

1  x  10-6 

Absolute  T.  C. 

1  -  °F 

81.7 

87.0 

78.8 

80.6 

72.  1 

2  -°F 

74.2 

76.  5 

73.4 

72.  5 

68.2 

3  -  °F 

66.2 

66. 1 

67.7 

66.7 

65.2 

4  -  °F 

67.0 

67.0 

68.7 

67.  1 

65.4 

Differential  T.  C. 

1  -  °F 

4.72 

6.  39 

3.39 

7.25 

3.62 

i 

0 

4.25 

5.77 

3.04 

6.20 

1.29 

i 

o 

1.73 

2.  35 

1.  12 

3.  12 

1.57 

4  -  °F 

0.89 

1.24 

0.  54 

2.22 

1.07 

5  -  °F 

0.51 

0.67 

0,31 

0.37 

0.  19 

6  -  °F 

0.30 

0.41 

0.  17 

0.93 

0.45 

<-4 

1 

0 

0,29 

0.37 

0.  17 

0.53 

0.23 

8  -  °F 

0.44 

0.65 

0.30 

0.42 

0.  15 

9  -  °F 

1C  -  °F 

Voltage,  volts 

61.51 

72.05 

53.01 

52.99 

37.  CO 

Current  Amps 

0.2185 

0,2560 

0. 1883 

0. 1879 

0. 1312 

Water  Flow,  ml/ mb' 

600 

600 

600 

600 

460 

Bolt  Torque.  In-lb 

24 

24 

30 

12 

24 

Filler 

h  TV  11 

RTV  11 

RTV  11 

G  683 

G  683 

Sample  Number 

? 

2 

2 

2 

2 

Number  of  Bolts 

12 

12 

12 

12 

12 

b,  Btu/hr  ft*  °F 

129.0 

130.0 

142.0 

55.5 

63. C 

Component  Joints  (Continued) 


Table  9.  Experimental  Data  —  6  by  6  inch 


Run  Number 

36 

37 

38 

39 

40 

Date 

>1/23/64 

11/23/64 

11/23/64 

11/23/64 

11/24/64 

Pressure,  Torr 

-Absolute  T.  C. 

1  x  10'6 

1  x  10"6 

1  x  10'6 

1  x  10'6 

5  x  10' 

1  -  °F 
i  o_ 

78.3 

65.  7 

92.4 

79.  9 

88.  1 

2  -  F 

71.4 

74.  7 

77.  4 

71.  7 

73.  9 

3  -  F 

A  0„ 

66.0 

66.7 

66 .  5 

65.9 

66.  7 

4  -  F 

66.  5 

67.4 

67.  5 

66.4 

67.  1 

Differential  T.  C. 


6.  20 
2.07 
2. 11 
1.86 
0.  33 
0.  77 
0.42 
0.  34 


9.  46 

3.  11 

4,  17 
2.88 
0.  52 
1.  17 
0.66 
0.56 


12.83 
4.  15 
5.63 
3.89 
0.67 
1.  56 
0.87 
0,77 


7.  15 
6.  15 
2.99 
2.  37 
0.3’ 
0.72 
0.44 
0.  34 


13.o8 
13.37 
6.  59 
4.72 
1.07 
3.35 
2.22 
1.  18 


roltage,  volts 
Current,  ampt 
'Vater  Flow,  ml/min 
B&lt  Torque,  in-lb 
Filler 

Sample  Number 
Number  of  Bolts 
h,  Btu/kr  ft^  °y 


49.  31 
0.  1749 
460 

24 

G  683 
2 
12 

65.0 


61.  53 

0.2183 

460 

24 

G  683 
2 

12 

66.  1 


72.04 
0.  2556 
460 

24 

G  883 
? 

12 

67.  1 


52.  96 

0.  1878 

475 

30 

G  663 
2 

12 

57.0 


52.  96 
0.  1880 
560 
12 

None 

3 

12 

24.8 
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Table  9.  Experimental  Data  —  6  by  6  Inch  Component  Joints  (Cont;nued) 


Run  Number 

41 

42 

43 

44 

45 

Date 

11/24/64 

11/25/64 

11/25/64 

11/25/64 

11/25/64 

Pressure,  Torr 

5  x  IQ'7 

5  x  10"6 

5  x  10  ^ 

5  x  10"7 

5  x  10"7 

Absolute  T,  C. 

1  -  °F 

92.6 

88.4 

92.7 

77.5 

85.0 

2  -  °F 

81,8 

74.9 

75.0 

70.7 

72.9 

1 

0 

66. 6 

65.9 

66.4 

66.8 

66.2 

* 

0 

67.0 

66.  4 

66.9 

67.0 

66.7 

Differential  T.  C. 

1  -  °F 

17.64 

14.  32 

18.42 

6.70 

11.  50 

2  -  °F 

17.70 

13.93 

18.45 

6.65 

11.44 

1 

O 

11.94 

7.36 

10,  19 

3.  17 

5.45 

4  -  °F 

7.46 

4.97 

10.59 

2.26 

3.92 

Ut 

o 

1 

1.80 

1.  11 

9.44 

4.78 

0.80 

6  -  °F 

7.80 

4.26 

7.95 

1.57 

2.67 

f 

o 

10.  18 

3.26 

3.64 

0.93 

1.65 

8  -  °F 

10.40 

2.53 

1.61 

C.4y 

0.92 

9  -  °F 

10  -  °F 

Voltage,  volts 

52.  96 

52.  95 

52.95 

37.0’ 

49.  32 

Current,  amps 

0. 1880 

0.  1880 

0. 1880 

0. 1313 

0. 1751 

Wator  Flow,  ml/min 

700 

57  5 

550 

625 

625 

BoL  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

None 

None 

None 

None 

None 

Sample  Number 

3 

3 

3 

3 

3 

Number  ot  Bolts 

4* 

8* 

8* 

12 

12 

h,  Btu/hr  ft2  °F 

13.4 

22.0 

13.7 

22.  1 

25.9 

* 

See  Appendix  VI. 
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Table  9.  Experimental  Data  —  6  by  o  Inch  Component  Joints  (Continued) 


Run  Number 

46 

47 

48 

49 

50 

Date 

11/27/6-r 

11/27/64 

11  '30/64 

12/3/64 

12/3/6- 

Pressure,  Torr 

5  x  IQ'7 

5  x  10 ~7 

6  x  10'7 

4  x  1C-7 

4  x  10 

Absolute  T.  C. 

1  -  °F 

94.6 

105.  5 

81.8 

73.0 

79.  1 

2  -  °F 

75.7 

79.6 

72.7 

68.8 

71.5 

3  -  °F 

65.4 

65.5 

66.0 

65.3 

65.8 

o 

1 

66.0 

66. 4 

66.5 

65.  6 

66.3 

Differential  T.  C. 

1  -  °F 

17.67 

23.95 

5.63 

2.63 

4.54 

2  -  °F 

17.59 

23.80 

6.21 

3.00 

5.14 

3  -  °F 

8.36 

11.31 

-1.81 

0.76 

1.32 

4  -  °F 

6.02 

8.20 

0.75 

0.27 

0.45 

5  -  °F 

1.26 

1.69 

0.24 

0.  14 

0.21 

6  -  °F 

4.  14 

5.60 

0.24 

0.  13 

0.20 

7  -  °F 

2.59 

3  54 

0.24 

0.  12 

0.23 

8  -  °F 

1.49 

2.02 

0.37 

0.05 

0.23 

9  -  °F 

10  -  °F 

Voltage,  volts 

61.52 

72.06 

53.01 

37.  00 

49.34 

Current,  amps 

0.2134 

0.2560 

0. 188J 

0. 1313 

0.  1751 

Water  Flow,  ml/min 

600 

600 

600 

550 

550 

Bolt  Torque,  in-lb 

24 

24 

12 

24 

24 

Filler 

None 

None 

RTV  11 

RTV  11 

RTV  11 

Sample  Number 

3 

3 

3 

3 

3 

Number  of  Bolts 

12 

12 

12 

12 

12 

h,  Btu/hr  ft2  °F 

26.2 

26.6 

84.  1 

91.0 

93.5 

94 


Table  9.  Experimental  Data  —  6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

51 

52 

53 

54 

Date 

12/3/64 

12/3/64 

12/4/64 

12/4/64 

Pressure,  Torr 

4  x  10'7 

4  x  10'7 

5  x  10-7 

2  x  10 "6 

Absolute  T.  C. 

1  -  °F 

86.8 

94.9 

83.  5 

75.6 

2  -  °F 

74.8 

78.  5 

72.2 

70.0 

3  -  °F 

66.2 

£6.2 

65.6 

66.7 

4^ 

i 

O 

66.9 

67.  1 

66.0 

o7.  0 

Differential  T.  C. 

1  -  °F 

6.95 

9.44 

8.95 

4.52 

2  -  °F 

7.86 

10.62 

9.  19 

4.48 

3  -  °F 

2.03 

2.77 

3.22 

1.59 

4  -  °F 

0.70 

0.96 

2.25 

1.09 

5  -  °F 

0.30 

0.40 

0.26 

0.  12 

6  -  °F 

0.29 

0.40 

0.92 

0.42 

7  -  °F 

0.  37 

0.52 

0.70 

0.28 

00 

i 

o 

*1 

0.44 

0.67 

0.42 

0.  11 

9  -  °F 

10  -  °F 

Voltage,  volts 

61.54 

72.05 

53.01 

37.05 

Current,  amps 

0.2184 

0.2558 

0. 1878 

0. 13x2 

Wate;  Flow,  ml/min 

550 

550 

650 

600 

Bolt  Torque,  in-lb 

24 

24 

12 

24 

Filler 

RTV  11 

RTV  11 

G  683 

G  683 

Sample  Number 

3 

3 

3 

3 

Number  of  Bolts 

12 

12 

12 

12 

h,  Btu/hr  ft^  °F 

94.8 

95.4 

47.0 

47.3 

95 


Table  9.  Experimental  Data  —  6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

55 

56 

57 

58 

Date 

12/4/64 

12/7/64 

12/7/64 

12/8/64 

Pressure,  Torr 

5  x  1C'8 

1  x  10‘° 

1  x  10'6 

5  x  10"7 

Absolute  T.  C. 

1  -  °F 

81.9 

88.0 

97.1 

7J.0 

1 

o 

72.9 

72.9 

76.4 

66.  3 

3  -  °F 

63.5 

63.  5 

63.8 

63.  1 

6m 

o 

i 

■c 

64.  3 

63.4 

64.7 

63.  5 

Differential  1 .  C. 

1  -  °F 

7.70 

11.80 

15.93 

3. 12 

2  -  °F 

7.74 

11.88 

16.05 

3.25 

3  -  °F 

2.76 

4.25 

5.74 

0.85 

to 

0 

i 

1.  91 

2.98 

4.02 

0.48 

5  -  °F 

0.22 

0.36 

0.48 

0.15 

6  -  °F 

0.74 

1.09 

1.48 

0.18 

1 

o 

0.54 

0.81 

1.  10 

0.73 

to 

o 

i 

00 

0.33 

0.51 

0.76 

0. 

9  -  °F 

10  -  °F 

Voltage,  volts 

49.36 

61.52 

72.  C4 

37.02 

Current,  amps 

0. 1748 

0.2180 

0.2554 

0. 1311 

Water  Flow,  ml/min 

600 

500 

500 

525 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

G  683 

G  683 

G  683 

G  641 

Sample  Number 

3 

3 

3 

3 

Number  of  Bolts 

12 

12 

12 

12 

h,  Btu/hr  ft2  °F 

48.2 

48.8 

49.5 

77.5 
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Table  9.  Experimental  Data — 6  by  6  Inch  Component  Joints  (Continued) 


Run  Number 

59 

60 

61 

Date 

12/8/64 

12/8/64 

12/8/64 

Pressure,  Torr 

5  x  10"7 

5  x  10”7 

5  x  10’7 

Absolute  T.  C. 

1  -  °F 

77.8 

85.8 

93.8 

2  -  °F 

69.7 

73.2 

76.8 

3  -  °F 

63.9 

64.5 

64.8 

■ 

o 

*1 

64.4 

65.2 

65.8 

Differential  T.  C. 

1  -°F 

5.36 

8.20 

11.10 

2  -  °F 

5.58 

8.  56 

11.56 

3  -  °F 

1.47 

2.27 

3.07 

1 

o 

0.85 

1.34 

1.81 

< 

o 

*1 

0.22 

0,32 

0.40 

6  -  °F 

0.33 

0.51 

0.70 

7  -  °F 

0.20 

0.  37 

0.54 

h 

o 

• 

00 

0. 1° 

0,45 

0.69 

►— * 

O  vO 

1  1 

0  o 
*1 

Voltage,  volts 

49.35 

61.52 

72.02 

Current,  amps 

0. 1748 

0.2180 

0.2553 

Water  Flow,  ml/mln 

525 

525 

525 

Bolt  Torque,  in-lb 

24 

24 

24 

Fi  er 

C  641 

G  641 

G641 

Sample  Number 

3 

3 

3 

Number  of  Bolts 

12 

12 

12 

h,  Btu/hr  ft2  °F 

79.0 

79.0 

79.5 
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Table  10.  Experimental  Data  —  6  by  12  Inch  Component  Joints 


Run  Number 

62 

63 

64 

65 

66 

Date 

12/9/64 

12/9/64 

12/9/64 

12/10/64 

12/10/64 

Pressure,  Torr 

3  x  10'7 

3  x  10'7 

3  x  10'7 

5  x  1C'7 

5  x  10  7 

Absolute  T.  C. 

1 

o 

74.  4 

84.  9 

106.  0 

74.  9 

70.  0 

2  -  °F 

67.  7 

71.  6 

79.  0 

68.  1 

66.  7 

3  -  °F 

63.  3 

63.  9 

63.  5 

64.  0 

64.  5 

o 

i 

64.  3 

64.  8 

65.  2 

64.  6 

64.  9 

Differential  T.  C. 

1  -  °F 

2.  43 

5.  93 

8.  94 

3.  0? 

1.  35 

2  -  °F 

1. 94 

3.  87 

7.  90 

1.  5 

0.  98 

3  -  °F 

5.  83 

11.  57 

23.  50 

5.  87 

2.94 

4  -  °F 

5.  22 

10.  40 

22.  02 

5.  17 

2.  59 

5  -  °F 

3.  15 

1*.  71 

29.  30 

7.  22 

3.  64 

6  -  °F 

2.  49 

4.  95 

io.  20 

2.  47 

1.  24 

7  -  °F 

0.  73 

1.  43 

2.  85 

0.  75 

0.  39 

00 

1 

o 

*1 

1.  33 

2.  61 

5.  37 

1.  31 

0.  66 

1 

o 

0.  50 

1.  00 

2.  09 

0.  51 

0.  25 

Voltage,  volt 8 

35.  48 

50.  00 

70.  70 

35.47 

25  0J 

Currents,  amps 

0.  2837 

0.  4000 

0. 566? 

0.  2840 

0.  2001 

Water  Flow,  mi/min 

575 

600 

600 

550 

550 

Bolt  Torque,  in -lb 

24 

24 

24 

24 

24 

Filler 

None 

None 

None 

None 

None 

Sample  Number 

1 

1 

1 

1 

1 

Number  of  Bolts 

18 

18 

18 

18 

18 

h,  Btu/hr  ft2  °F 

22.  7 

19.  5 

18.  5 

18.  5 

18.  5 

98 


Table  10.  Experimental  Data  —  6  by  12  Inch  Component  Joints 


Run  Number 

67 

68 

69 

70 

71 

Date 

12/10/64 

12/14/64 

12/14/64 

12/14/64 

12/17/64 

Pressure,  Torr. 

5  x  10*7 

4  x  10'7 

4  x  IQ'7 

4  x  10'7 

6  x  10‘7 

Absolute  T.  C. 

1  -°F 

86.5 

70.4 

76.0 

88.  3 

68.6 

2  -  °F 

73.  3 

67.9 

70.8 

77.6 

65.2 

3  -  °F 

65.2 

64.6 

65.0 

66.5 

62.0 

•»> 

• 

o 

66.2 

65. 1 

65.9 

67.7 

62.6 

Differential  T.  C. 

I  -  °F 

4.72 

0.  32 

0.66 

1.68 

0.64 

2  -  °F 

3.86 

0.22 

0.44 

0.95 

0.28 

O 

« 

11.60 

1.25 

2.52 

5.26 

1.27 

+■ 

• 

0 

*1 

10.37 

1.06 

2.09 

4.24 

1.05 

5  -°F 

14.  36 

1.55 

3.06 

6.  15 

1.42 

O' 

1 

O 

*1 

4.95 

0.22 

0.48 

1.02 

0.  15 

7  -  °F 

1.46 

0.  19 

0.37 

0.80 

0.08 

00 

1 

o 

2.60 

0. 18 

0.41 

0.9i 

0.04 

9  -  °F 

1.02 

0.12 

0.29 

0.61 

Voltage,  volts 

50.00 

35.47 

50.00 

70.  73 

35.49 

Current,  amps 

0.4005 

0.2839 

0.4004 

0.5669 

0.2822 

Water  Flow,  ml/min 

550 

625 

625 

625 

575 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

None 

RTV  11 

RTV  11 

RTV  11 

RTV  11 

Sample  Number 

1 

1 

1 

1 

2 

Number  of  Bolts 

18 

18 

18 

18 

18 

h,  Btr/hr  ft2  °F 

18.9 

103.0 

101.5 

98.0 

103.0 
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Table  10.  Experimental  Data- — 6  by  12  Inch  Component  Joints  (Continued) 


Run  Number 

72 

73 

74 

75 

76 

Date 

12/17/64 

12/17/64 

12/21/64 

12/21/64 

12/21/64 

Pressure,  Torr. 

6  x  10'7 

6  x  10  7 

6  x  10'7 

6  x  10‘7 

X 

o 

» 

Absolute  T.  C. 

1  -  °F 

75.5 

88.  £ 

67.  5 

73.  5 

86.2 

2  -  °F 

68.8 

75.0 

64.2 

67.0 

73.4 

3  -  °F 

( 2.6 

62.8 

61.  1 

61.  1 

61.6 

i 

o 

63.6 

64.8 

61.6 

61.  9 

63.  3 

Differential  T.  C. 

1  -  °F 

1.  37 

2.85 

0.71 

1.41 

2.  88 

2  -  °F 

0.  59 

1.21 

0.27 

0.  52 

1.05 

3  -  °F 

2.  52 

5.  50 

1.26 

2.48 

5.02 

4  -  °F 

2.  13 

4.  30 

1.21 

2.37 

4.  74 

I 

o 

2.86 

5.76 

1.79 

3.  51 

7.05 

6  -  °F 

0.  33 

0.71 

0.  17 

0.  30 

0.  57 

i 

o 

*1 

0.  12 

0.23 

0.11 

0.  20 

0.36 

8  -  CF 

0.  11 

0.26 

0.  16 

0.  30 

O.bl 

9  -  °F 

0 

0.08 

0.  a 7 

0.  38 

Voltage,  volts 

50.02 

70.64 

35.  48 

50.01 

70.  71 

Current,  amps 

0. 3980 

0. 5628 

0. 2834 

0. 3995 

0. 5651 

Water  Flow,  ml/min 

^7  5 

575 

650 

650 

650 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filer 

RTV  11 

RTV  11 

RTV  11 

RTV  il 

RTV  11 

Sample  Number 

2 

2 

3 

3 

3 

Number  of  Bol  s 

18 

18 

18 

13 

18 

h,  Btu/hr  ft2  °F 

101.0 

97.0 

90.0 

92.0 

92.0 
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Table  11.  Experimental  Data  — 12  by  12  Inch  Component  Joint 


Run 

77 

78 

79 

80 

Date 

12/22/64 

12/22/64 

12/22/64 

12/28/64 

Pressure,  Torr 

4  x  10  ^ 

4  x  10'7 

4  x  10  7 

6  x  1 0  7 

Absolute  T.  C. 

1  -  °F 

80.  5 

100.  2 

138.  6 

69.  9 

Ui 

o 

i 

Cs> 

66.  3 

71.  6 

82.  3 

65.6 

3  -  °F 

61.  1 

60.9 

61.  4 

61. 8 

4  -  °F 

62.  0 

62.  8 

65.  2 

62.  8 

Differential  T.  C. 

1 

o 

0.  58 

0.  92 

1.  64 

0.  51 

2  -  °F 

1.89 

3.  85 

7.  73 

0.  28 

OJ 

1 

O 

►*1 

1.  35 

2.  75 

5.  19 

0.  18 

4  -  °F 

3.  29 

6.  75 

13.  40 

0.  10 

5  -  °F 

12.  10 

24.  50 

48.  60 

1.  49 

6  -  °F 

16.  42 

33.  20 

65.  80 

3.  14 

7  -  °F 

1.  30 

2.  69 

5.  36 

0.  12 

8  -  °F 

5.  78 

11. 59 

22.  90 

0.  70 

Voltage,  volts 

29.  60 

41. 90 

59.  20 

29.  61 

Current,  amps 

0.  6753 

0.  9543 

1.  3437 

0.  6748 

Water  Flow,  ml/min 

550 

550 

550 

60C 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

None 

None 

None 

RTV  il 

Sample  Number 

1 

1 

1 

1 

Number  of  Bolts 

24 

24 

24 

24 

h,  Btu/hr  ft2  °F 

3.  36 

8.  32 

8.  34 

56.  6 
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Table  11.  Experimental  Data  — 12  by  12  Inch  Component  Joint  (Continued) 


Hun 

81 

82 

83 

84 

Date 

12/28/64 

12/28/64 

1/5/65 

1/5/65 

Pressure,  Torr 

6  x  IQ’7 

6  x  10  7 

8  x  10"8 

8  x  10-7 

Absolute  T.  C, 

1  -  °F 

77.  7 

93.  3 

68.  7 

77.  3 

2  -  °F 

69.  0 

76.  0 

64.  5 

69.  5 

3  -  °F 

61.  5 

61.  7 

60.  5 

61. 4 

o 

1 

Tt 

63.  4 

65.  3 

61.  7 

63  5 

Differential  T.  C. 

1  -  °F 

0.  72 

0.  98 

0.  31 

0.  53 

?.  -  °F 

0.  53 

1.  04 

0.  20 

0.  37 

3  -  °F 

0.  37 

0.  68 

0.  20 

0.  35 

4  -  °F 

0.  22 

0.  48 

0.  12 

0.  20 

5  -  °F 

2.95 

5.  91 

1.  74 

3.  39 

6  -  °F 

6.  25 

12.  41 

2.  76 

5.  42 

1 

o 

*1 

0.  27 

0,  55 

0.  14 

0.  25 

OD 

1 

O 

*1 

1. 48 

2.  94 

1.  06 

2.  10 

Voltage,  volts 

41  83 

59.  22 

29.  59 

41.  d4 

Current,  amps 

0. 9527 

1. 3460 

0.  6747 

0.  9521 

Water  Flew,  ml/min 

600 

600 

550 

550 

Bolt  Torque,  in-lh 

24 

24 

24 

24 

filler 

RTV  11 

RTV  11 

RTV  11 

RTV  11 

Sample  Number 

1 

1 

2 

2 

Number  of  Bolts 

24 

24 

24 

24 

h.  Btu/hr  ft2  °F 

55.  8 

56.  1 

51.  7 

52.  8 
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Table  11,  Experimental  Data  — 12  by  12  Inch  Component  Joint  (Continued) 


Run 

85 

86 

87 

88 

Date 

1/5/65 

1/7/65 

1/7/65 

1/8/65 

Pressure,  Torr 

8  x  10‘7 

8  x  10-7 

8  x  10'7 

5  x  10" 

Absolute  T.  C. 

1  -  °F 

95.  6 

69.  0 

76.  9 

92.  7 

• 

O 

*1 

79.  2 

64.  8 

68.  3 

75.  7 

3  -  °F 

63.  4 

60.6 

60.  4 

59.  1 

4  -  °F 

67.  1 

61.6 

62.  3 

63.  3 

Differential  T.  C. 

1 

o 

*1 

.  1.  06 

0.  42 

0.  57 

0.  87 

2  -  °F 

0.  77 

0.  17 

0.  32 

0.  66 

3  -  °F 

0.  65 

0.  13 

0.  28 

0.  60 

4-°F 

0.  37 

- 

- 

- 

5  -  °F 

6.  80 

1.  89 

3.  76 

7.  54 

U« 

o 

1 

o 

10.  80 

2.  91 

5.  72 

11.  40 

1*4 

o 

• 

r*- 

0.63 

0.  14 

0.  30 

0.  64 

1*4 

o 

1 

00 

4.64 

0.  93 

1. 85 

3.  58 

Voltage,  volts 

59.  26 

29. 

41.  85 

59.  25 

Current,  amps 

1.  3426 

0.  6750 

0.  9518 

1. 3440 

Water  Flow,  ml/min 

550 

550 

550 

500 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

RTV  11 

RTV  11 

RTV  11 

RTV  11 

Sample  Number 

2 

3 

3 

3 

Number  of  Bolts 

24 

24 

c4 

24 

h.  Btu/hr  ft2  °F 

51.  0 

51.  4 

51.  9 

52.  4 
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APPENDIX  II 

STRUCTURAL  JOINT  TESTS 
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The  experimental  data  for  structural  joint  configuration  No.  1 
(Figure  3  of  main  report)  is  given  in  Table  12  of  this  appendix.  The  loca¬ 
tion  o  1  thermocouples  is  shown  in  Figures  34  and  35.  The  average  AT  for 
each  joint,  called  l!a':  and  "b,"  was  obtained  by  dividing  th<  ,oint  area  into 
zones.  Two  zones  were  used,  a  one  inch  square  zone  at  each  bolt,  with 
the  bolt  in  the  center,  and  the  remaining  area  aa  the  other  zone.  The 
water  flow  rate  and  temperatures  were  monitored  as  in  the  component 
joints,  *>d  absolute  thermocouples  2  and  3  measure  inlet  and  outlet  tem¬ 
peratures  respectively.  For  run  number  1,  the  conductance  calculation 
for  join".  "a!l  i3  as  follows: 


AT© 

Af© 


3.  56°F 

.  7.13°F 


-  - 

atm  '  JCAT1  +  KZ  ATZ 
1  1 

afM.  |  (3.  36)+  |  (7.  13) 

*Tm  =  S.  95°F 

=  22.  05(0.  2310)  =  5.  C99  watts 


=  17.4  Btu/hr 


h 


a 


h 


a 


Q 

-r-1— -  =  70.  3  Btu/hr  ft2  °F 

^xS.  95 


* 

k 

f- 

I 


Thermocouples  1,  2,  and  3  are  used  to  calculate  the  conductance  of 
joint  "a,"  h  ,  and  thermocouples  b,  7,  and  8  to  calculate  the  conductance 

A 

of  joi-5*  b,"  hb- 

t 
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( 

I 


▲ 
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Table  13  lists  the  experir.  eni.al  data  for  structural  joint  configura¬ 
tion  2.  The  thermocouple  locations  are  shown  in  Figures  34  and  35,  This 
comiguration  utilizes  nut  plates  on  one  joint,  called  joint  ’’h"  in  Table  13, 

The  results  for  configuration  3  are  shewn  in  Table  14,  and  the 
thermocouple  locations  in  Figures  36  and  37.  Differential  thermocouple3 
are  located  at  the  same  (x,  y)  coordinates  on  the  back  of  the  angle  brackets 
and  panels  at  the  locations  shown  on  Figures  34,  35,  36,  and  37. 


Figure  36.  6  Inch  Structural  Joint,  Configuration 

3.  Thermocouple  Locations 
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Table  12.  Experimental  Data  —  Structural  Joint  Configuration  1 


Run  Number 

1 

2 

3 

4 

5 

Date 

2/16/65 

2/16/65 

2/16/65 

2/17/65 

3/1/65 

Pressure,  Torr 

Absolute  T,  C, 

2  x  10'6 

2  x  10‘6 

2  x  10‘6 

1  x  10'6 

1  x  10 

1  -  °F 

93.  0 

126.  2 

158.  4 

196.  7 

88.  0 

2  -  °F 

63.  5 

63.  8 

63.  0 

60.  2 

63.  1 

3  -  °F 

Differential  T  C. 

63.  9 

64.  4 

63.  9 

61.  4 

6.5.  5 

Ui 

o 

1 

■r* 

3.  56 

7.  46 

11.  32 

16.  00 

0.  22 

2  -  °F 

6.  10 

12.  48 

18.  32 

25.  55 

0.  54 

1 

O 

8.  17 

17.  05 

2b.  55 

37.  70 

0.  45 

u< 

o 

1 

7.  89 

16.  82 

26.  30 

36.  95 

7.  95 

5  -  °F 

0.  50 

0.  97 

1.  51 

2.  13 

0.  06 

O' 

1 

O 

*1 

3.  30 

7.  00 

10.  72 

14.  90 

0.  20 

7  -  °F 

5.  11 

11.  47 

17.  60 

23.  93 

0.  33 

8  -  °F 

7.  24 

14.  72 

23.  28 

31. 60 

0.  65 

9  -  °F 

10  -  °F 

6.  72 

13.  88 

21.  44 

30.  10 

7.  30 

Voltage,  volts 

22.  05 

32.  21 

40.  17 

48.  17 

22.  00 

Current,  amps 

0.  2310 

0. 3376 

C.  4216 

0.  5061 

0.  2306 

Water  Flow,  ml/min 

750 

750 

7?U 

550 

700 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

None 

None 

None 

None 

RTV  11 

Sample  Number 

1 

1 

i 

1 

1 

Joint  Length,  in. 

6 

6 

0 

6 

6 

Number  of  Bolts 

2 

2 

) 

2 

2 

hft,  Btu/hr  ft2  °F 

70.  3 

72.  0 

74.  2 

75.  7 

1042 

hb,  Jtu/hr  ft2  °F 

80.  5 

80.  6 

80.  6 

85.  3 

1042 
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Table  12.  Experimental  Data  —  Structural  Joint  Configuration  1  (Continued) 


Run  Number 

6 

7 

0 

9 

10 

Date 

3/1/65 

3/1/65 

2/19/65 

2/19/65 

2/19/65 

Pressure,  Torr 

Absolute  T.  C. 

1  x  10'6 

1  x  10‘6 

1  x  10'6 

1  x  10'6 

1  x  10'6 

1  -  °F 

141.  0 

176.  6 

38.  4 

149.  8 

184.  9 

2  -  °F 

62.  8 

62.  6 

61.  1 

62.  3 

61.  3 

3  -  °F 

Differential  T.  C. 

63.  6 

63.  7 

61.  6 

63.  1 

62.  5 

1 

c 

0.  88 

2.  30 

2.  58 

8.  25 

11.  31 

2  -  °F 

1.  95 

3.  36 

4.  08 

14  20 

20.  52 

3  -  °F 

1.  6< 

2.  77 

5.  44 

18.  88 

27.  42 

Ui 

o 

■ 

■<** 

25.  10 

38.  60 

8.  06 

26.  22 

37  95 

> 

o 

*1 

0.  33 

2.  75 

0 

0.  04 

0.  13 

6  -  °F 

0.  68 

0.  82 

3.  50 

11.  24 

15.  88 

-vi 

i 

o 

*1 

1.  08 

2.  05 

4.  50 

14.  80 

19.  80 

8  -  °F 

2.  28 

3.  89 

6.  17 

19.  93 

26.  08 

9  -  °F 

10  -  °F 

22.  58 

33.  75 

7.  82 

24.  1 7 

34.  85 

Voltage,  vo’ta 

39.  52 

48.  40 

22.  01 

39.  99 

47.  92 

Current,  amps 

0.  4149 

0. 5085 

0.  2319 

0. 4223 

0.  5067 

Water  Flow,  ml/min 

700 

700 

650 

650 

650 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

F  iile  r 

RTV  11 

RTV  11 

None 

None 

None 

Sample  Number 

1 

1 

2 

2 

2 

Joint  Length,  ;n. 

6 

6 

6 

6 

6 

Number  of  Bolts 

2 

2 

2 

2 

2 

h  .  Btu/hr  ft2  °F 
a 

906 

715 

103.  5 

100.  1 

100.  9 

h.  ,  Btu/hr  ft2  °F 

D 

995 

895 

88.  5 

90 

96.  5 

112 
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Table  12.  Experimental  Date  — Structural  Joint  Configuration  1  (Continued) 


Run  Number 

li 

12 

13 

14 

15 

Date 

3/5/65 

3/5/65 

3/8/65 

3/9/65 

3/9/65 

Pressure,  Torr 

2  x  10"6 

2  x  <0'6 

1  x  10'6 

8  x  Id'7 

8  x  10' 

Absolute  T.  C. 

1  -  °F 

90.  5 

142.  5 

192.  1 

87.  7 

134.  7 

2  -  °F 

63.  5 

63.  4 

62.  9 

62.  8 

62.  5 

3  -  °F 

63.9 

>4  1 

64.  0 

63.  1 

63,  1 

Differential  T.  C. 

1  -  °F 

7.  12 

21.  30 

35.  8 

0.  50 

i.  50 

2  -  °F 

5.  98 

18.  07 

30.  82 

0.  75 

2.  44 

3  -  °F 

2.  61 

7.  99 

13.  70 

0.  77 

2.  27 

4  -  °F 

7.  21 

21.  42 

36.  0 

7.  92 

23.  70 

5  -  °F 

1.  74 

4.  96 

7.  85 

0.  35 

1  02 

6  -  CF 

7.  21 

21. 05 

32.  65 

0 

0  07 

1 

o 

*1 

5.  87 

17.  37 

28.  5 

0.  65 

2.  08 

i*4 

o 

r 

<30 

2.  84 

8.  36 

14.  4 

1.  16 

3.  53 

9  -  °F 

6.  98 

20.  05 

33.  15 

6.  98 

20.  47 

O 

♦ 

O 

*1 

1.  37 

3.  84 

5.  49 

Voltage,  volts 

21.  58 

37.  50 

48.  22 

21.  83 

37.  83 

Current,  amps 

0.  2327 

0.  4050 

0.  5217 

0.  2289 

0.  3972 

Water  Flow,  mi/min 

675 

675 

700 

750 

750 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

None 

None 

None 

G  683 

G  683 

Sample  Number 

3 

3 

3 

1 

1 

Joint  Length,  in. 

6 

6 

t 

6 

6 

Number  of  Bolts 

2 

2 

2 

2 

2 

ha,  Btu/hr  ft2  °F 

78.  5 

79.  4 

77.  0 

602 

595 

hw,  Blu/hr  ft2  °F 

D 

77.  5 

79.  8 

81.  9 

681 

652 
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Table  12.  Experimental  Data  —  Structural  Joint  Configuration  1  (Continued) 


Run  Number 

16 

17 

18 

19 

Date 

3/9/65 

3/15/65 

3/16/65 

3/16/65 

„  .  _-7 

-7 

,  -7 

,  „  -7 

Pressure,  Torr 

8x10 

8x10 

6x10 

6x10 

Absolute  T.  C. 

1  -  °F 

1  76.  5 

88.  5 

138.  9 

189.  1 

2  -  °F 

62.  7 

62.  5 

62.  2 

62.  6 

1 

O 

*1 

b3.  8 

63.  0 

63.  3 

64.  2 

Differential  T.  C. 

1  -  °F 

2.  48 

1.  96 

7.  85 

12.  53 

2  -  °F 

4.  59 

4.  05 

13.  85 

22.  80 

3  -  °F 

3.  82 

4.  59 

15.  76 

25.  65 

4  -  °F 

37.  45 

S.  62 

26.  40 

43.  30 

5  -  °F 

t .  66 

1.  21 

4.  55 

7.  48 

6  -  °F 

0.  21 

3.  64 

11. 28 

18.  70 

7  -  °F 

3.  26 

6.  02 

18.  05 

28.  85 

8  -  °F 

5.  71 

6.  57 

19.  58 

31. 45 

9  -  °F 

31.90 

7.  70 

23.  25 

37.  20 

10  -  °F 

3.  86 

13.  80 

21.  77 

Voltage,  volt* 

47.  80 

19.  44 

33.  73 

43.  55 

Current,  amps 

0.  5024 

0.  3841 

0.  6672 

0.  8623 

Water  Flow,  ml/min 

750 

700 

625 

625 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

G  68  3 

None 

None 

None 

Sample  Number 

1 

1 

1 

1 

Joint  Length,  in. 

6 

9 

9 

9 

Number  of  Bolt* 

2 

3 

3 

3 

h  ,  Btu/hr  ft"  °F 
a 

542 

116 

98.  5 

5  00.  8 

h^,  Btu/hr  ft^  °F 

645 

’4 

75.  3 

77.  u 

1U 


Talile  13.  Experimental  Data  —  Structural  Joint  Configuration  2 


Run  Number 

20 

21 

22 

23 

24 

Date 

3/23/65 

3/23/65 

3/23/65 

3/25/65 

3/25/65 

Preasure,  Torr 

5  x  10*7 

5  x  IQ'7 

5  x  10"7 

7  x  10-7 

7  x  10'7 

Absolute  T,  C. 

1  ~  °F 

87.  8 

134.  . 

178.  8 

99.  3 

140.  4 

2  -  °F 

63.  7 

64.  4 

64.  0 

63.  5 

64,  2 

3  -  °F 

64.  0 

to.  0 

&5.  0 

63.  9 

64.  9 

Differential  T.  C. 

1  -  °F 

2.  61 

8.  02 

12.  75 

2.  14 

6.  53 

2  -  °F 

5.  20 

16.  10 

25,  80 

3.  93 

12,  42 

t 

O 

6.  79 

20.  93 

33.  75 

5.  55 

17.  25 

4  -  °F 

8.  03 

24.  35 

38.  65 

7.  37 

21, 60 

1 

O 

*1 

-0.  11 

-0.  23 

0.  05 

0.  35 

0.  94 

r^- 

♦ 

0 

3.  32 

9.  70 

15.  35 

3.  53 

10.  44 

i 

O 

*1 

3.  75 

10.  81 

16.  33 

5.  25 

15,  20 

8  -  °F 

5.  35 

15.  91 

24.62 

6.  72 

19.  88 

9  -  °F 

10  -  °F 

7.  24 

21.  40 

34.  10 

7.  07 

20.  22 

Voltage,  volts 

21. 89 

37.  85 

48.  9? 

21. 88 

37.  99 

Current,  amps 

0.  2284 

0.  3956 

0.  5126 

0.  2279 

0. 3964 

Water  Flow,  ml/min 

7  f  5 

775 

775 

625 

62  > 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

F  lller 

None 

None 

None 

None 

Nona 

Sample  Number 

1 

1 

1 

**• 

Joint  Length,  in. 

6 

6 

6 

6 

b 

Number  o.i  Bolt# 

2 

2 

2 

-»• 

w 

2 

h  ,  Bt'u/hr  ft2  °F 

34.2 

81.5 

85.  0 

105,  5 

102.  0 

ty  Btu/hr  ft2  °F 

99,  0 

100,  8 

It  ,  3 

82,  4 

SI.  4 

U5 


Table  13.  Experimental  Data  —  Structural  Joint  Coioigoratio 


Continued) 


Run  Number 

25 

26 

27 

28 

Date 

3/25/65 

3/26/65 

3/26/65 

3/29/65 

Pres  sure,  To  r  r 

7  x  10~7 

3  x  10'6 

3  x  10"6 

2  x  10~6 

Absolute  T.  C. 

1  -  °F 

188.  6 

94.  0 

149.  7 

206.  2 

2  -  °F 

63.8 

64.  7 

64.  5 

64.  8 

3  -  °F 

65.  i 

65.  0 

65.  2 

65.  8 

Differential  T.  C. 

i  -  °F 

11. 05 

2.  54 

8.  00 

12.  35 

2  -  °F 

20.  80 

4.  89 

14.  73 

23.  78 

3  -  °F 

29.  35 

6.  41 

19.  12 

31.  00 

& 

1 

0 

34.  70 

l.  35 

21.  92 

37.  80 

5  -  °F 

1.  53 

1.  02 

2.  50 

3.  65 

6  -  °F 

17.  48 

3.  69 

10.  81 

17.  25 

7  -  °F 

24.  20 

4.  31 

11.  94 

18.  55 

00 

o 

**1 

32.  45 

5.  24 

14.  5  5 

2  3  10 

9  -  °F 

32.  80 

6.  91 

19.  87 

3  2.  1C 

0 

r 

O 

Voltage,  volts 

49.  00 

21.  86 

37.  75 

48  88 

Current,  amps 

0  5121 

0.  2308 

0.  3  c>  c>  3 

0.  5179 

Water  Flow,  mi/rmn 

550 

7  ~  0 

700 

650 

Bolt  Torque,  in -lb 

;  \ 

24 

24 

24 

Filler 

None 

None 

None 

None 

Sample  Number 

2 

i 

j 

3 

3 

Joint  Length,  in. 

6 

6 

6 

b 

Number  of  Bolts 

2 

l 

J 

h  ,  Btu/hr  ft2  °F 
a 

ICO.  8 

89.  ^ 

88.  5 

92.  6 

hb,  Btu/hr  ft2  °F 

0  3.  2 

93.  5 

<9.  t 

'05.2 
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Table  13.  Experimental  Data — Structural  Joint  configuration  2  (Continued) 


Run  Number 

29 

30 

31 

32 

Date 

3/31/65 

3/31/65 

3/31/65 

4/1/65 

Pressure,  Torr 

Absolute  T.  C. 

7  x  10'7 

*-* 

O 

i 

-J 

7  x  10'7 

1  x  10' 

1  -  °F 

84.  2 

124.  7 

165.  0 

84.  0 

2  -  °F 

63.  3 

63.  5 

63.  5 

62.  7 

3  -  °F 

Differential  T.  C. 

63.  6 

64.  1. 

64.  7 

63.  0 

1  -  °F 

0.  70 

2.  51 

4.  46 

0.  95 

2  -  °F 

0.  07 

0.  08 

0  34 

0.  67 

U> 

1 

o 

0.  09 

0.  40 

1.  05 

1.  17 

4^ 

I 

O 

*1 

7.  73 

22.  85 

37.  85 

7.  53 

5  -  °F 

0.  33 

0.  91 

1.  37 

0.  20 

6  -  °F 

C.  48 

1.  50 

2.  19 

0.  54 

7  -  °F 

0.  64 

1.  91 

!  3.70 

0.  80 

8  -  °F 

1.  24 

3.  72 

6.  65 

2.  24 

O  so 

1  1 

o  o 
*1  *1 

7.  42 

21.  50 

34.  75 

7.  49 

Voltage,  volts 

21.  93 

37.  87 

48.93 

21. 83 

Current,  amps 

0.  2289 

0.  3958 

0.  5120 

0. 2279 

Water  Flow,  ml/min 

650 

650 

650 

575 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

RTV  11 

RTV  11 

RTV  11 

G  683 

Sample  Number 

1 

1 

1 

1 

Joint  Length,  in. 

6 

6 

6 

6 

Number  of  Bolts 

2 

2 

2 

2 

lia,  Btu/hr  ft2  °F 

1427 

1227 

1050 

438 

hb,  Btu/hr  ft2  °F 

520 

514 

490 

341 
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Table  13.  Experimental  Data  —  Structural  Joint  Configuration  2  (Continued) 


Run  Number 

33 

34 

35 

36 

Date 

4/1/65 

4/2/65 

4/5/65 

4/5/65 

Pressure.  Torr 

1  x  10'6 

7  x  10'7 

1  x  10'6 

1  x  10' 

Absolute  T.  C. 

1  -  °F 

126.  0 

167,  2 

88.  8 

137.  0 

2  -  °r 

62.  9 

63.  1 

64.  2 

65.  1 

3  -  °F 

63.  8 

64.  5 

64.  6 

66.  0 

Differential  T.  C. 

1  -  °F 

3.  54 

6.  13 

2.  78 

8.  04 

2  -  °F 

1.  89 

3.  10 

4.  03 

11.  92 

3  -  °F 

3.  33 

5.  44 

6.  31 

18.  92 

I 

o 

*1 

22.  40 

36.  95 

3.  51 

26.  80 

5  -  °F 

0.  50 

0.  91 

0.  25 

0.  74 

6  -  °F 

1.  73 

2.  66 

2.  76 

8.  35 

-4 

l 

O 

2.  44 

3.  74 

5.  23 

15.  50 

8  -  °F 

6.  53 

10.  03 

6.  21 

18.  28 

vO 

( 

o 

*1 

21.  75 

35.  15 

7.  97 

23.  00 

10  -  °F 

5.  13 

14.  95 

Voltage,  volts 

37.  96 

48.  96 

19.  43 

33.  66 

Current,  amps 

0.  3967 

0.  5124 

0.  3865 

0.  6710 

Water  Flow,  ml /min 

575 

550 

600 

600 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

G  683 

G  683 

None 

None 

Sample  Number 

1 

1 

1 

1 

Joint  Length,  in. 

6 

6 

9 

9 

Number  of  Bolts 

2 

2 

3 

3 

h  ,  Btu/hr  ft2  °F 
a 

425 

420 

93.  5 

95.  2 

1^,  Btu/hr  ft2  °F 

345 

375 

84.  1 

87.  8 
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Table  13,  Experimental  Data — Structural  JcJnt  Configuration  2  (Continued) 


Run 

37 

38 

39 

40 

Date 

4/5/65 

4/6/65 

4/6/65 

4/6/65 

Pressure,  Tor’" 

i  x  10'6 

8  x  10~7 

8  x  10"7 

8  x  10' 

Absolute  T,  C. 

1  -  °F 

182.  2 

85.  1 

126.  0 

162.  2 

2  -  °F 

64.  6 

64.  0 

64.  4 

64.  0 

-°F 

66.  2 

64.  4 

65.  1 

65.  0 

Differential  T,  C. 

1  .  °F 

12.  58 

0,  16 

0.  60 

1.  26 

2  -  °F 

20.  59 

0.  39 

1.  44 

2.  99 

3  -  °F 

32.  44 

0.  83 

2.  61 

4.  95 

4  -  °F 

45.  32 

7.  33 

22.  00 

36.  10 

5  -  °F 

1.  28 

0.  35 

1  05 

1.  87 

6  -  °F 

12.  05 

0.  17 

0.  65 

3.  43 

7  -  °F 

23.56 

0.  13 

0.  51 

1.  44 

o 

1 

00 

27,59 

0.  35 

1.  36 

2.  86 

9  -  °F 

10  -  °F 

36.  90 

25.  22 

7.  41 

21.  60 

35.  02 

Voltage,  volts 

43.  44 

21.  89 

37.99 

48.  99 

Current,  amps 

0.  8674 

0.  2281 

0. 3960 

0.  5119 

Water  Flow,  ml /min 

600 

625 

625 

625 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

None 

RTV  11 

RTV  11 

RTV  11 

Sample  Number 

1 

2 

2 

2 

Joint  Length,  in. 

9 

6 

6 

6 

Number  of  Bolts 

3 

2 

2 

2 

h  ,  Btu/hr  ft2  °F 
a 

94.  1 

889 

795 

669 

Btu/hr  ft2  °F 

97.  6 

1892 

1466 

800 
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Table  14,  Experimental  Data — Structural  Joint  Configuration  3 


Run  Number 

41 

42 

43 

44 

45 

Date 

0/8/65 

5/8/65 

5/8/65 

5/9/65 

5/9/65 

Pressure,  Torr 

Absolute  T.  C, 

1  x  10"6 

X 

o 

1 

O' 

1  x  10'6 

1  x  10‘6 

1  x  10" 

1  -  °F 

70,  3 

84.  5 

98.  1 

69.  6 

80.  0 

2  -  °F 

62,  7 

62.  6 

62.  2 

63.  5 

63.  1 

3  -  °F 

Differential  T.  C. 

63,  0 

63.  3 

63  4 

63.  9 

64.  0 

1  -  °F 

1.  42 

4.  55 

7.  80 

1.  11 

4.  06 

2  -  °F 

3.  12 

9.  34 

15.  78 

2.  35 

7.  48 

3  -  °F 

l  83 

11.  61 

19.  67 

2.  84 

8.  90 

4  -  °F 

3.  62 

10.91 

18.  90 

3.  64 

11.  20 

5  -  °F 

-0.  22 

0.  36 

1.  15 

0.  43 

1.  55 

6  -  °F 

2.  66 

8.  30 

14.  35 

1.  92 

6.  15 

7  -  °F 

8  -  °F 

3.  11 

9.  55 

16.  40 

1.  98 

6.  41 

Voltage,  volts 

21.93 

37.94 

49.01 

21.  89 

38.  01 

Current,  amps 

0. 2281 

0.  3949 

0.  5106 

0.  2268 

0.  3943 

Water  Flow,  ml /min 

600 

600 

600 

575 

575 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

None 

None 

None 

None 

None 

Sample  Number 

1 

1 

1 

2 

2 

Joint  Length,  in. 

6 

6 

6 

6 

6 

Number  of  Bolts 

2 

2 

2 

2 

2 

h,  Btu/hr  ft^  °F 

147 

144.  2 

142 

194 

180 

( 
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Table  14.  Experimental  Data — Structural  Joint  Configuration  3  (Continued) 


Run  Number 

46 

47 

48 

49 

50 

Date 

5/9/65 

5/13/65 

5/13/65 

5/13/65 

5/15/65 

Pressure,  Torr 

1  x  10'6 

6  x  10  7 

6  x  IQ’7 

6x10 

5  x  10'7 

Absolute  T,  C. 

1  -  °F 

89.  7 

72.  2 

86.  8 

98.  3 

70.  7 

2  -  °F 

62.  5 

65.  0 

66.  0 

64.  1 

62.  4 

3  -  °F 

63.  7 

65.  3 

66.  9 

65.  4 

62.  8 

Differential  T.  C. 

i  -  °F 

7.  11 

2.  69 

7.  94 

13.  30 

0.  107 

2  -  °F 

12.  79 

3.  82 

11. 62 

19.  90 

0.  583 

3  -  °F 

15.  31 

4.  91 

14.  60 

24.  80 

0.  414 

4  -  °F 

19.  00 

4.  01 

11.  79 

20.  30 

3.  84 

5  -  °F 

1.  94 

0.  07 

0.43 

0.  76 

-0. 458 

6  -  °F 

10.  50 

3.  71 

11.  08 

18.  82 

0.  307 

7  -  °F 

8  -  °F 

10.  81 

3  66 

10.  52 

17.  78 

0.  222 

Voltage,  volts 

49.  01 

21.88 

37.  20 

48.  00 

21.  91 

Current,  amps 

0.  5084 

0.  2385 

0.  4059 

0.  5244 

0.  2279 

Water  Flow,  ml /min 

575 

575 

575 

575 

425 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

24 

Filler 

None 

None 

None 

None 

RTV  11 

Sample  Number 

2 

3 

3 

3 

1 

Joint  Length,  in. 

6 

6 

6 

6 

6 

Number  of  Bolts 

2 

2 

2 

2 

2 

h,  Btu/hr  ft2  °F 

174.  0 

112.  2 

108.  5 

106.  5 

1110 

Table  14.  Experimental  Data  —  Structural  Joint  Configuration  3  (Continued) 


Run  Number 

51 

52 

53 

54 

Date 

5/15/65 

5/15/65 

5/16/65 

5/16/65 

Pressure,  Torr 

Absolute  T.  C. 

5x10^ 

5  x  10"7 

4  x  10“7 

4  x  10"7 

1  -  °F 

87.  7 

102.  5 

74.  3 

91.  3 

2  -  °F 

63.  7 

63.  4 

66.  0 

ut}.  0 

3  -  °F 

Differential  T,  C. 

64.  8 

65.  0 

66.  3 

68.  9 

1  -  °F 

0.  461 

0.  827 

0.  222 

0.  723 

2  -  °F 

1.  560 

2.  441 

0.  284 

0.  991 

3  -  °F 

0.  979 

1.  672 

0.  418 

1.  208 

4  -  °F 

11.  52 

19.  50 

3,  89 

11.  71 

5  -  °F 

-0. 282 

-0.  218 

1 

o 

cn 

0.  491 

6  -  °F 

0.  735 

1.  260 

0.  391 

1.  104 

7  -  °F 

8  -  °F 

0.  630 

1.  088 

0.  311 

0.  835 

Voltage,  volts 

38.  00 

48.  99 

21.  90 

38.  00 

Current,  amps 

0.  3956 

0.  5104 

0.  2278 

0.  3955 

Water  Flow,  ml/min 

375 

450 

450 

575 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

RTV  11 

RTV  11 

G  683 

G  683 

Sample  Number 

1 

1 

1 

1 

Joint  Length,  in. 

6 

6 

6 

6 

Number  of  Bolts 

2 

2 

2 

2 

h,  Btu/hr  ft2  °F 

1273 

1242 

1328 

1262 

Table  14,  Experimental  Data — Structural  Joint  Configuration  3  (Continued) 


Run  Number 

55 

56 

57 

58 

Date 

5/16/65 

5/19/65 

5/19/65 

5/20/65 

Pressure,  Torr 

Absolute  T,  C, 

4  x  10'7 

7  x  10'7 

7  x  10'7 

4x10'' 

1  -  °F 

103.  2 

75.  0 

87.  0 

96.  8 

2  -  °F 

63.  9 

68.  o 

69.  2 

67.  2 

3  -  °F 

Differential  T.  C, 

65.  1 

69.  2 

70.  2 

68.  9 

1  -  °F 

1.  273 

1.  44 

4.  41 

7.  60 

2  -  °F 

1. 678 

3.  10 

9.  46 

16.  21 

3  -  °F 

2.  043 

4.  10 

12.  64 

21.  63 

I 

o 

*1 

19.  85 

4.  10 

12.  39 

21.  08 

5  -  °F 

0.  80 

0.  40 

1.  50 

2.  78 

6  -  °F 

1.  905 

4.  64 

14.  00 

23.  78 

1 

o 

1.  440 

3.84 

11.  61 

19.  60 

00 

1 

O 

*1 

3.  00 

9.  18 

15.  47 

Voltage,  volts 

49.01 

18.  98 

32.  84 

42.  45 

Current,  amps 

0.  5105 

0.  3958 

0.  6852 

0.  8860 

Water  Flow,  ml/min 

625 

575 

575 

575 

Bolt  Torque,  in-lb 

24 

24 

24 

24 

Filler 

G  683 

None 

None 

None 

Sample  Number 

1 

1 

1 

1 

Joint  Length,  in. 

6 

9 

9 

9 

Number  of  Bolts 

2 

3 

3 

3 

h,  Btu/hr  ft2  °F 

1231 

142.  2 

139 

135.  5 

123 
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APPENDIX  IV 
EXPERIMENTAL  DATA  — 
RADIATION  EXCHANGE  EXPERIMENT 
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The  experimental  data  used  in  the  verification  of  the  analytical 
techniques  described  in  Section  6  are  shown  in  Table  15.  The  predicted 
receiver  temperature  was  calculated  from  a  heat  balance  between  the  sur¬ 
faces  of  the  experimental  enclosure.  The  heat  balance  equation  for  the 
receiver  is 


AS ^S-R^^S  ‘  aTR  )  +  AM5M-R(aTM  '^R  )  =  AR5R-OfTR  *  <rT0  )  +  QLOSS 


<r  T. 


4  ^^S-R^S  +AM3M-RffTM  +AR3R-0<xT0  "  QLOSS 


as’?s-r  +  am?,m-r  +  ar‘1r-o 


For  Configuration  3,  run  number  7,  using  the  directional  analysis  to 
obtain  the  3's 


4  0.  0593(2?!.  84)  +  0.  0013(62.  85)  +  0.  159(1.  0)  -  0.  57 

crTR  =  — - Ol9? - 


<rTR4  =  53.  0 
Tr  =  419.  4°R 


This  temperature  can  be  compared  to  the  experimentally  measured 
value  of  428.  2°R. 


The  net  heat  lost  by  the  source,  Qg,  is  computed  by  summing  the 
heat  leaving  the  source  and  received  by  each  surrounding  surface 


QS  =  °S-M  +  QS-R  +  Qs-o  +  °LOSS 


QS-M  =  ) 

°S-R  =  As®R.s(<rTS^  '  aTR4) 
^S-O  =  As '^R-O^^S  "  ) 
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Using  the  data  from  Run  7,  directional  analysis 
Qs  =  0.0013(201.84-62.85)  +  0.0593(201.84-  57.62)  +  0.159(201.84-  1.0) 

Qg  =  40.  68  Btu/nr 


This  value  compares  to  the  experimental  quantity  of  41.  29  Btu/hr. 

As  described  in  Section  6,  a  guard  heater  method  was  used  to  mini¬ 
mize  tne  extraneous  heat  losses  from  each  test  surface.  Figure  38  shows 
the  measured  heat  losses  from  a  vacuum  deposited  aluminum  coated  sur¬ 
face  and  a  3M  black  paint  coated  surface.  These  results  were  used  to 
correct  the  experimentally  measured  source  radiation  and  in  the  predic¬ 
tion  of  the  temperature  of  the  receiver  temperature. 
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A  3-M  BLACK  PAINT  SAMPLE 
0  VACUUM  DEPOSITED  ALUMINUM  SAMPLE 


Table  15.  Summary  of  the  Data  Obtained  in  the  Experimental 
Testing  of  the  Analytical  Prediction 


Run  Number 

1 

2 

3 

4 

5 

Date 

3/18/65 

3/19/65 

3/19/65 

3/23/65 

3/4/65 

Pressure 

4  x  10  ^ 

4  x  10'6 

3  x  10'6 

4  x  10-6 

5  x  10'6 

Configuration 

* 

* 

* 

** 

1 

Source 

Center  T.  C.  -  °F 

129.9 

-1.  0 

-150.  9 

+4.  4 

73.8 

Corner  T.  C.  -  °F 

129.1 

--.5 

-151. 7 

+4.  1 

72.  2 

Guard  T.  C.  -  °F 

129.9 

-0.  3 

-147.  4 

+1.  0 

73.1 

Mirror 

Center  T.  C.  -  °F 
Corner  T.  C.  -  °F 
Guard  T.  C.  -  °F 
Receiver 


Center  T.  C.  -  °F  -114.5 

Corner  T.  C.  -  °F  -115.0 

Guard  T.  C.  -  °F  -114.8 

Source  Voltage,  volts  50.5  30.4  13.5  6.86  41.11 

Source  Current,  amps  0.276  0.167  0.0776  0.0373  0.2266 


Single  black  plate 

Single  vacuum  deposited  aluminum  plate 
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Table  15.  Summary  of  th-i  Data  Obtained  in  the  Experimental 
Testing  of  the  Analytical  Prediction  (Continued) 


Run  Number 

6 

7 

8 

9 

10 

Date 

3/28/65 

4/1/65 

4/5/65 

4/6/65 

4/8/65 

Pressure 

2  x  10*6 

3  x  10~6 

4  x  10"6 

5  x  10'6 

7  x  10'6 

Configuration 

2 

3 

4 

5 

6 

Source 

Center  T.  C. 

-  °F 

124.6 

125.  8 

124.  7 

125.  0 

124.  5 

Corner  T.  C, 

-  °F 

124.  5 

125.  8 

124.  3 

124.  6 

124.  1 

Guard  T.  C. 

-  °F 

125.  1 

125.  3 

123.  7 

126.  7 

125.  5 

Mirror 

Center  T.  C. 

-  °F 

-22.  4 

-51. 8 

-74.  7 

-63.  5 

Corner  T.  C. 

-  °F 

-22.  4 

-51.  7 

-74.  7 

-62.6 

Guard  T.  C. 

-°F 

-23.  7 

-51.  7 

-73.  5 

-60.  3 

Receiver 

Center  T.  C. 

-  °F 

-66. 1 

-31.  0 

-36.  5 

-50.  3 

-61.3 

Corner  T.  C. 

.  °F 

-66.4 

-31.  7 

-37.0 

-50.  3 

-61.  ? 

Guard  T.  C. 

„  °F 

-65.  4 

-24.  4 

-35.  2 

-52.  4 

-61.  ’/ 

Source  Voltage, 

volts 

48.  7 

48.  0 

47.  7 

47.  3 

47.4 

Source  Current, 

amps 

0.  267 

0.  2635 

0.  2615 

0.  259 

0.  2592 

APPENDIX  V 
BIBLIOGRAPHY  FOR 
JOINT  THERMAL  CONDUCTANCE 
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APPENDIX  VI 

COMPONENT  JOINT  TEST  DATA 
USED  FOR  CORRELATION  TASK 
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Three  experimental  tests  were  conducted  to  verity  th«  .  esultc  of 
the  correlation  task  The  experimental  me  suremen*"  are  given  in 
Table  16  The  thermocouple  locations  and  data  reduction  technique  arc 
described  in  Appendix  I  The  bolt  locations  for  these  three  tests  are 
shewn  in  Figu  re  39  . 


Table  16.  Additional  Component  Joint  Correlation  Data 


Run  Number 

41 

42 

43 

Date 

11/24/64 

11/25/64 

11/25/64 

Pressure 

5  x  10'7 

5  x  10'6 

5  x  i0"6 

Absolute  T.  C. 

o 

I 

92.  6 

88.  4 

92.  7 

C>J 

1 

o 

*1 

81.  8 

74.  9 

75.  0 

OJ 

• 

o 

*1 

66.6 

65.  9 

66.4 

4  -  °F 

67.  0 

66.  4 

66.  9 

Differential  T.  C. 

1  -  °F 

17.  64 

14.  32 

18.  42 

2  -  °F 

17.  70 

13.  93 

18.  45 

3  -  °F 

11. 94 

7.  36 

10.  19 

4  -  °F 

7.  46 

4.  97 

10.  59 

5  -  °F 

1.  80 

1.  11 

9.  44 

6  -  °F 

7.  80 

4.  26 

7.95 

-si 

1 

o 

10.  18 

3.  26 

3.  64 

8  -  °F 

10.  40 

2.  53 

1. 61 

Voltage,  volts 

52.  96 

52.  95 

52.  95 

Current,  amps 

0.  1880 

0.  1880 

0.  1880 

Water  Flow,  ml/min 

700 

575 

550 

Bolt  Torque,  in-lb 

24 

24 

24 

Filler 

None 

None 

None 

Sample  Number 

3 

3 

3 

Number  of  Bolts 

4 

O 

8 

h,  Btu/hr  ft2  °F 

13.  4 

22.  0 
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consisted  of  measuring  actual  joint  thermal  conductances,  correlation  of 
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radiation  analysis,  and  performing  an  experimental  comparison  of 
Dredicted  j-adiation  exchange  for  a  simple  geometrical  systan.j> 
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Joints  were  tested  and  the  conductances  measured.  A  successful  method 
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“A  method  of  radiation  analysis  has  been  programed  which  uses 
iirectional  thermal  radiation  properties  and  accounts  for  the  specu¬ 
larity  and/or  diffuseness  of  these  properties.  The  results  of  this 
program  can  be  readily  incorporated  into  most  existing  thermal  analysis 
irograms.  Die  user  has  the  choice  of  the  specular,  the  diffuse,  or  the 
specular-diffuse  assumption.  Die  prediction  of  radiation  exchange  using 
these  assumptions  for  simple  geometrical  arrangements  has  been  compared 
'O  experiment.  Although  the  results  were  within  the  overall  experimental 
tolerances,  further  improvement  in  the  predicted  values  is  believed 
x>38lble.^£- - - l _ _ 
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